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ABSTRACT 


Cadmium in water is highly toxic and a potential hazard 
to aquatic, animal and human life. Much effort is made to 
develop efficient processes for cadmium removal from water 
and wastewater. Activated carbon seems to be effective in 
removing cadmi\am but it is e3q>ensive. Chit in is a structural 
polysaccharide of crabs, shrimp and shell fish, Chitosan 
prepared from chitin is reported to have good adsorption 
properties. 

The adsorption of cadmiiira by chitosan was investigated 
to obtain information on cadmivun removal from aqueous systems. 
Quantitative removal of cadmium from solution was obtained 
with chitosan. The adsorption of cadmium by chitosan was 
very rapid during the first 15 minutes. It was affected by 
pH of the solution, initial concentration of cadmium, chitosan 
to cadmium ratio, temperature and size of the chitosan parti- 
cle. The batch sorption kinetic data fitted in the first 
order reversible reaction. The sorption equilibria data 
appeared to fit the Freundlich isotherm. The sorption of 
cadmium appeared to be similar to pore diffusion process as 
indicated 1:^ various experiments conducted to find out the 
rate limiting step, though other mechanisms might also be 
involved. 

Ihe mechanism of sorption was tried to relate with 
zero point of charge • Presence of zinc and EDTA 



X 


depressed the cadmium upta]<se capacity of chitosan. However^ 
presence of total ionic strength/ chloride and calci\jm did 
not influence the cadmium uptake capacity of chitosan. 
Desorption of cadmium-chitosan system indicated ion-exchange 
nature of the sorption reaction apart from possible contribu- 
tions from other mechanisms. First cycle of regeneration was 
complete by hydrochloric acid but it reduced sxabsequent 
cadmium uptake capacity of chitosan. Chitosan was dissolved 
to some extent in hydrochloric acid used for regeneration. 

Down flow column studies showed the practical applicab- 
ility of chitosan for removing cadmi-uni. it reduced cadmiiom 
from an initial concentration of 5 mg/1 to zero effluent 


concentration 



1 . INTRODUCTION 


The presence of toxic metals in potable waters^, streams, 
domestic wastewater and industrial effluent is a matter of 
serious concern because of their adverse effect on water 
consumers, wastewatepr treatment systems or the biological 
system of water-bodies. The toxic metals inclvide copper, 
chromium, cadmium, zinc, arsenic, silver, mercury, barixam, 
selenium, lead and nickel. Among these heavy metals, cadmium 
has focussed our attention as a serious oavironmental conta- 
minant. Extensive information exists on the acute and chronic 
effects of cadmium in man and experimental animals (Ryan et > 
al . , 1982; Lauwerys, 1979), 

Cadmium has found widespread use, mainly in metal fini- 
shing, metallurgical alloying, ceramics, photography, elec- 
trical applications, chemical industries and lead mines. 

These industries serve as a major source of cadmium pollution. 
Cadmium is used as a protective coating on iron, steel and 
copper. Cadmium sulfide is used in painting because it gives 
pigments a greater stability. Cables and welding electrodes 
coating is done by cadmium alloys of several metals. Vari- 
ation in raw waste concentrations of cadmium among various 
plants is shown in Table 1.1 (Controlling Pollution of Metal 
Products, US EPA 1977). 

The toxic nature of cadmium (Priberg et,al. , 1974) is 
well ]cnown. It is generally • taken up in the human body 
through gastriointestinal tract. As a result of contaminated 


diet in industrialized countries, the cadmium body burden in 
middle age can be within five fold of the levels known to give 
early Icng term effects (Hammons 1978). Chronic 

cadmium e:xposure led to widespread proteinuria and in extrane 
cases Osteomalacia (Itai-ltai) in contaminated areas of Japan, 
Cadmium has been also classed as a probable human-carcinogen - 
with a high degree of supporting experimental and epidemio- 
logical evidence (lARC, 1980), The hazards produced through 
the irrigation using the cadmium-polluted water are additional 

Because of these health hazards, the levels of cadmium 
in drinking water supplies and industrial effluents must be 
reasonably low. The upper limit for cadmium in drinking 
water in India, U.s, and many other countries has been main- 
tained at 0,01 rag/l (Manual on Water Supply and Treatment, 1976 
NIPDWR, 1976). 

The EPA effluent limitations for cadmiim in the metal - 
finishing industry is 0,1 mg/1. 

Many procedures have been developed for the removal of 
cadmixjm from aqueous soluticxas. Major treatment methods 
recently being suggested or employed for cadmium rennoval 
include hydroxide, carbonate and sulfide precipitation, 

Kastone process, ion exchange, adsorption, cementation, and 
reverse osmosis. The selection of a particular method 
depends mainly upon economic factors and effluent quality 
conditions required. 

Of all treatment pirocesses listed above, the adsorptia:i 
process with proper adsorbents and under optimum operational 


conditions, is an efficient separation process for solute 
removal. Again, the separation of the adsorbent, loaded with 
the adsorbate from the liquid phase, can be easily obtained, 
thus making adsorption an appealing method. Many sorbents 
like activated carbon, discarded automotive tires, serpentine 
mineral, starch Xanthate, coal and crushed coconut shell have 
been utilised for the removal of cadmium. Various agricul- 
tural products such as bark, peat moss and straw have also 
been tried to as sorbents for cadmium removal. Chitosan, a 
natxiral polymer, has shown positive response towards metal - 
binding capacity in some recent investigations. Chi tin is 
the structural polysaccharide of crab shells and other crust- 
aceans and is available from the waste materials of fish 
canning industries. Hydrolysis of chi tin produces chitosan 
which is a very good adsorbent and is used for various 
purposes including binding enzymes. The purpose of the 
present stttdy is to find out the adsorption potential of 

1 

chitosan for the removal of cadmium. 
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Table 1.1 * 

Raw Waste Concentrations of Cadmium 
(Variations among plants ) 



Sub- category 

t 

; Minimum 
! mg/1 

I 

• - 1 

1 

1 

Maximum j 

mg/1 ; 

1 

- I 

Mean 

mgA 

1. 

Casting and molding 

0.002 

0.443 

0.044 

2. 

Mechanical material removal 

0.002 

61.0 

2.4 

3. 

Metal forming (except 
plastics) 

0.002 

0.43 

0.064 

4. 

Physical property modifica- 
tions 

0.003 

0.012 

0.006 

5. 

Assembly operations 

0.002 

60.9 

1.3 

6. 

Chomical -el ectr o-chemical 
operations 

0.002 

0.029 

0,011 

7. 

Material coating 

0.002 

60.9 

2.1 

8. 

Smelting and refining 

0.008 

5.8 

0.8 

9. 

Molding and forming 
(plastics ) 

0.002 

0.002 

0.002 


* From controlling pollution from the manufacturing and 
coatings of metal products^ EPA 1977). 





2. LITERATURE SURVEY 


2.1 Cadmium 

2.1,1 General ; 

Two German investigators ^ strohmeier and Hermann 
discovered cadmixara independently and almost simultaneously in 
1817. 

The. use of cadmixim on an appreciable scale received 
attention since the beginning of the current centuiry. The 
specific properties of cadmi^lm are employed in a number of 
industries. The chief use of cadmium is in electroplating 
(cadmium plating) and in the production of low-melting alloys. 

Cadmium is a rare metallic element^ and falls in group 
IIB of the Periodic Classification between zinc and mercury. 
Its chemical behaviour differs in significant ways from that 
of both these elements/ although it shows greater similarities 
to zinc (Aylett/ 1979). Its atomic weight is 112,41 and its 
atomic number is 48, It is a divalent metal with distinctly 
basic properties (Chizhikov / 1966), 

2.2 Cadmim in the Environment 

Gadmitom is a relatively rare but widely distributed 
element. It has an estimated crustal abundance of between 
0.15 jig/g (Weast/ 1969) and 0,2 pg/g and thus occurs in 
sixty-seventh position in order of relative abundance 
(Aylett/ 1973), Range of cadmiuum concaitration in soil 
(ncn-polluted ) varies from 0.01 to 0.7. pg/g with an estimated 
mean soil content of 0,2pg/g. 
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The main sources of variation in the cadmium contents 
of unpolluted soils are the small variations in the inherent 
composition of the soil material and the inputs of metal from 
fertilizers, manures, agricultural chemicals and general 
atmospheric pollution. With regard to inputs from extraneous 
sources, the contributions from phosphatic fertilizers and 
sewage sludge are the most important, but localised atmos- 
pheric pollution or large application of sewage can elevate 
the cadmium content of soils sufficiently for them to be 
considered 'polluted' . Copper, lead, nickel and zinc sulphide 
ore smel Iters are conspicuous sources of cadmium and vege- 
tation and soils can be significantly contaminated upto 40 Kin 
downwind, Buchauer (1973) reported a linear relationship 
between the log of cadmixjm . deposited and the distance from 
the smelter. Concentrations of upto 1700 l^g/g Cd have been 
found in polluted top soil in the vicinity of zinc smelter 
(Buchauer, 1973), The dispersion of this element from 
metallurgical industries such as electroplating, can be by 
emission into the atmosphere in fumes and transported as 
particles of cadmium oxide, deflation of cadmium-containing 
'dust' or the flow of liquid effluents containing cadmium 
in solution or suspension into water courses ®r sewage 
systems. 

Cadmium entering the soil constitutes a more lasting 
form of pollution, since uptake by plants can continue long 
after the direct airborne pollution has ceased, a small 
proporticai of the airborne particulate cadmium which is 



deposited and retained cai plant surfaces, is absorbed via 
the leaves and scroe of that reaching the soil will be taken 
up through the roots, but majority of the pollutants will 
remain on the leaf surfaces. Plants collected near major 
highways were reported by Lagerwerff and Specht (1970) to 
contain higher concentrations of cadmium than those collected 
many meters fron the roadway. Aerial deposition of cadmivim 
containing dust from motor vehicle tyres and lubricants can 
account for some of the elevated cadmium levels of plant 
near highways. 

Heavy metals are considered to be main factor limiting 
the agricixLtural use of sewage sl-udges. Cadmium concentra- 
tions in. sewage sludge from Western Europe and North America 
range from 1 to 36 50 p, g/4g«- Cc^ii^n the dry matter (Peterson and 
Alloway, 1969). 

An additional source of cadmium are the pipes through 
which drinking water passes. Zinc galvanized iron pipe in 
which cadmium is contaminant has the potential of imparting 
cadmium to water. 

The principal source of cadmixam in the normal human 
diet would appear to be from food rather than air or water 
(Fleischer et. al . . 1974). This may not be true for smokers, 
as tobacco can contain a high conceitration of cadmium which 
is inhaled in the smoke. Estimates of the cadmium intake 
firom foodstuffs are about 20-50 jig/day (Fleischer et .al . , 
1974). Municipal sludges , wastewater and phosphate ferti- 
lizer applied to agricultural lands are potentially important 



sources of cadmixm entxy into the human food chain (CAST^ 
1976), Aquatic food species, including fish, crabs, oysters 
and shrimps, bioconcentrate Cd, Milk is an important source 
of cadmium to the infant and child. Breast milk has been 
showi to have a median cadmium conteit of 11.1 ftg/l (Pinkerton 
et , 1972), Median cadmiim values in cow's milk were 
found to be 26 Mg/1. 

Ambient air and drinking water contribute relatively 
little to the average daily intake.. Irrespective of the 
route of entry, Cd is principally stored in the liver and 
kidneys with higher levels initially found in the liver 
(Gunn and Gould, 19 57; Kanwar 1980). The accumxilation 

in liver and kidneys sea^is to be mainly dependent on the 
storage of Cd in association with the Cd-binding protein 
metal lothionein ( Friberg et . al . , 1974). Total body burden 
Cd in humans increases with age (Friberg et .al . , 1974) . 

Cadmium occurs natxorally in the aquatic environment 
and does not appear to be a potential hazard in the open 
oceans. Its chemical speciation in natural waters may be 
complex and can greatly influence the rate and the extent of 
acGXjm\iLation both in fresh water and marine organisms. 

Organisms accvimulate cadmium in their tissues with 
the filter feeders (bivalves and crustacea) showing the 
greatest concentration factors, While the majority of 
examples of organisms with hi^ cadmium concentrations in 
their tissues can be equated with mining and/or industrial 
pollution, certain species, such as sea — Skaters and 


distant ocean sea-birds have accumulated cadmium from unknown 
soxiTces, suggesting geochemical factors may be responsible. 
Cadmium is taken up by a passive diffusiai process^ influenced 
by the chemical species presaited to the organism, 

2, 3 Toxicity and Biological Effects of Cadmixjm 

Cadmium has come to be recognized as a highly toxic and 
dangerous environmental pollutant. Exposure to cadmiim may 
cause a wide variety of acute and chronic effects. Drinking 
water and food constitute the principal environmental source 
of cadmium for the non-smoking human population. The absorp- 
tion of Cd from the lung occurs at a substantially higher 
rate (10-14 percent )' than that from the gastriointestinal 
tract (3-6%) (Friberg et .al . f 1971). Smoking 20 cigarettes 
per day is equivalent to ingesting 25 [ig Cd from food. 
Irrespective of the route of entry, Cd is principally stored 
in the liver and kidneys with higher levels initially found 
in the liver (Kanwar et .al . , 1980). In humans, about one- 
third of the life-time burden of cadmium accumulates within 
3 years of birth (Henke et .al . , 1970). Most of the cadmium 
renains in plasma for the first few hours after administra- 
tion (Nomiyama, 1973). 

The toxicity of the metal and its compounds in the 
human sy^stem has been mainly attributed to its strong 
binding with sulphur of a SH-group (e.g. cystein residues) 
in enzymes leading to blockade of enzymic activity of thiol 
group (P and ey, 1982), Metallothionein is an inducible metal- 
binding protein which has been implicated as a possible 
mediator of cadmium toxicity (Nordberg, 1978) . 



The principal accute manifestations observed in man are 
gastriointestinal disturbances following ingestion and chemi- 
cal pneumonitis following inhalation of cadmium oxide fume. 

In animals, acute administration of cadmium also can produce 
toxic effects in other organs (Cardiovascular system, kidney, 
liver, nervous system, haematopoietic system, pancreas, immu- 
nological system, reproductive system) but the relevance of 
these effects for man remains doubtful. Long term human 
exposure to cadmium has been linked with the development of 
various signs and symptoms in particular; Lung insuffici- 
ency, roial disturbances, osteomalacia, anaemia, anosmia, 
yellow colouration of teeth and hypertension. A few studies 
also have suggested that cadmium could be carcinogenic in 
man (Lauwerys , 1979 ) . 

A specific disease known as ' itai-itai* in Japan has 
been attributed to cadmium. This occurred mainly in one 
area of Japan located along the Jintzy river and the areas 
where the soil was polluted by cadmium (Friberg , 1974). 

Usxially the kidney is the organ (critical organ) which 
exhibits the first adverse effect following long-term 
excessive exposure to cadmium by inhalation or ingestion 
(Nordberg, 1978). Cadnfiium accxamulates in the renal cortex 
where it produces morphological and fijnctional changes. 
Cadmium concentrations of between 200 and 300 fJ-g/g wet 
weight generally result in renal dysfunction, with the 200 
pg/g level being the most widely accepted number at which 
the first signs of 
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In animals subcutaneous or intramuscular injection can 
induce cancer. It has been shown that the injection of Cd 
metal or salt causes malignancies (Sarcoma) at the site of 
injection and testicular tumours distal to the injection site. 
Cadmiijm inhibits the ability of immune murine macrophages to 
destroy t\amour cells at concentrations as low as lo” M 
(Nelson / 1982). The half-life of Cd in the blood has 

been estimated to be about 3 months and from 8 to 30 years 
in the tissues of the liver, kidney and muscle (Elinder et. 
al_. / 1978), It is possible that chronic exposure of low, 
and presumably non toxic, doses of the metal may, in fact, 
acciomulate to levels that can have adverse effects on the 
immtine system. Perry analyzed the concentration of trace 
metals in the urine of normal individuals and hypertension 
patients and found a strong correlation between illness and 
cacimium concentration levels. 

2» 4 Aquatic Chemistry of Cadmium 

Cadmium in aqueous solution has a pronounced tendency 

to form soluble complexes with both organic and inorganic 

ligands. Dissolved cadmium in water may be present as free 
2 + 

Cd ion and in the form of complexes: inorganic: hydroxides, 
carbonates and chlorides, or organic, of diverse composition 
(Gardiner, 1974), 

The equilibria pertaining to the hydroxy complexes of 
cadmium can be represented in terms of the stepwise fdinma- 
tion of these species; 



Table 2 , 1 


Eqxiilibrixam Constants Used for Calculation of Cadmium 
Distribution and Solubility Diagrams 


Ligand 

Log-j^Q of Equilibrium 
constants 


Conditions 


K 

^2 

^3 

^4 

“ 



oh“ 

4.16 

4.23 

0.69 

-0.32 

Zero 

ionic strength, 25“ C 

Cl“ 

1.32 

0.90 

0.09 

in 

• 

0 

1 

4.5 M 

NaClO^, 25°C 


Ligand 

Overall 

Formation Constants 


Conditions 


Pi 

P2 

P3 

P4 ’ 



oh” 

1.45x 

lo'* 

2.46X 

XO® 

1.20X 

10 ^ 

5.76X 

10® 

Zero 

ionic strength, 25° C 

Cl” 

21.0 166.0 

204.0 

71.5 

4.5 M 

NaClO^, 25°C 


Cd^"*" + oh” 


CdOH"^ ; 

Ki 

2.1 

CdOH"^ + oh” 


CdCOH)^ 

^2 

2.2 

Cd(0H)2 + oh" 


HCdo" + H^O ; 

K 3 

2.3 

HGd ©2 + oh” 


CdO" + H^O 

^4 

2.4 

Values for the stepwise 

formation constants. 

through 

/ 

are given in Table 

2 . 1 . 

For reasons of convenience it is 



customary to replace the stepwise formation reactions by 
overall formation reactions. The latter are mathematical 
representations only and do not depict elementary reaction 
steps. Stepwise formation constants Kj^...K^ and overall 
formation constants are related by 
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Pi 






P 2 

= . 

^2 




h 

= . 

K 2 . K 3 




h 

= . 

. K 3 . 




24* — 

Cd + OH 


CdOH"^ 

m 

t 

h 

2. 5 

Cd^'*' + 20 h” 


Cd( 0 H )2 

7 


2.6 

Cd^"^ + 30 h” 


HCd02 + H 2 O 

7 

P 3 

2.7 

Cd^"*" + 40 h" 



CdO^" + 2 H 2 O 

7 

P 4 

2.8 


A mass balance on soluble cadmium species with a total of C 
moles/1 as Cd, therefore/ is given by 

C = [Cd^"^] + [CdQH'''] + [cd(0H)2] + [HCdo" ] 

+ [cdO^”] 2.9 

Substituting in terms of the formation constants from 
Equations 2,5 through 2.8 gives 

C = [cd^"^] (1 + [oh"] + Pj [CH"]^ + P 3 [OH"]^ 

+ P 4 [CH"]^) 2.10 

If a is defined as the function of a particular species 
relative to the total analytic concentration then [a} — 
and the sum of a* s over all species is 1: 

n 

i=o ■ 


1 


2.11 



The fraction of the individual solute species of cadmium then 
may be calculated as a function of hydroxide concentration. 
Thus cc^ is independent of the cadmium concentration in solu- 
tion. 


= 


c - 


1 + [0H“] + + P 3 [OH"]-' [oh"] 


-i3 




2.12 


«1 


[cdOH'^] 
C ' 


Pi [ 0 H~] 


a. 


2.13 




a. 


a, 


[cdCOH)^] 

c 

[HCdO"] 

c 

[cdo^"] 
c " 


= §2 

P 3 [0H-? 

P4 [OH-]* 


2.14 


2.15 


2.16 


The distribution of these species as a function of pH is 
shown in Figure 2.1, The distribution diagram for cadmium 

2> ""t" 

hydroxy complexes reveals that the species Cd , CdOH , 
Cd( 0 H) 2 (aq) and HCdo"^ contribute increasingly to the solu- 
bility of cadmium in the range of pH 7-12. The distributions 
of species for cadmium chloride are presented in Figure 2,2. 
In accord with this diagram^ ^ complexation by chloride ion 

becomes a significant factor- in solubility considers -tions 

-3 

of systems containing greater than 10 M chloride. The 
role of ammonia as a ligand appears rather insignificant 




Fig.2-1 Distribution Diagram for Cadmium 
Hydroxide Complex (Weber and 
Possett,1974) 
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Fig.2-2 Distribution Diagram 
for Cadmium Chloride 
Complex (Weber and 
Possett,1974) 
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considering its relatively low concentration in most natural 
waters and wastewaters. 

The total concentration of dissolved cadmium, C, is the 
s\m of all the foms of inorganic and organic ligands. 
Considering inorganic ligands only 

C = Cd^"^ |l + + K2[C1“] + K3[C1']^ + K^CCl*"]^ 

+ KgEci”]^ + P^[oh'] + + P3[0H“]^ 2.17 

where is the formation constant of the carbonate conplex 

CdCO^Caq), ^2”’^4 overall formation constants of 

+ — 2 — 
chloride complexes: CdCl , CdCl2(a‘3) / CdCl^ and CdCl^ , 

respectively. Of the four possible existing chloride comp- 

lexes of cadmium (CdCl ) “ , the dominant species are deter- 

./V 

mined by the chloride ion concentration present. 

2.4,1 Solubility Equilibria for Cadmium 

The solubility of the metal hydroxide is defined 
by solubility products (K ) and the equations relating the 
metal hydroxide solid species in equilibrium with soluble 
free metal ion or metal hydroxide species. The following 
equations may be used to describe the solubility of cadmium 
hydroxide 


Cd{C®)2 

(s) 


Cd^’*' + 20 h"' 

^ o 

2.18 





s 


Cd(0H)2 

(s) 


Cd(OH)%-OH" 


2.19 

Cd(0H)2 

(s) 


Cd(0H)2 

K 2 

2.20 
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Cd(OH), 

(s) -t- oh" 

Cd(OH)" 

K 3 

2.21 




s 


Cd(0H)2 

(s) + 20 h" 

Cd(OH)J" 

K 4 

2. 22 


Each equation describes an equilibrium reaction between the 
solid phase Cd(OH )2 (s)/ and a soluble species of the metal 
cadmium. The equilibrium position of each reaction is 
described by a solubility product constant K^, as follows; 


K o 
s 


2. 23 

^ 1 
s 

= [Cd(OH)'*'] [oh"]. 

2.24 

K 2 
s 

= [cd(OH)° ] 

2.25 


= [cd(0H)3 ] [oh"] 

2.26 

^4 

= [Cd(OH)J"] [OH"]^ 

2. 27 


Taking the logarithmic form and rearrangihg the following 
equations are obtained; 


Log[Cd^+] = 

Log - 2pH + 28 

2. 28 

Log[cd(OH)‘’'] 

= Log K ^ - pi + 14 

2.29 

Log[Cd(0H)2] 

= Log K 2 

2.30 

Log[cd(OH)" ] 

=s Log K 2 ** 

2. 30 

Log[cd(0H)J"] 

= Log K ^ + 2pH - 28 

S''\ 

2.31 
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In each above equation^ the term for log hydroxyl 
activity is substituted by the expression (pH - 14) based 
upon the self-ionizaticxi of water. 

Each of Equations 2,28 through 2.31 may be plotted using 
appropriate solubility constants to define the cadmium hydro- 
xide solubility curve in which cadmium is given by the summa- 
tion of all metal species. The range of cadmium hydroxide 
solubility product constants for drawing the solubility 
diagram are presented in Table 2. 2. 

Table 2.2 

Cadmium Hydroxide Solubility Product Constants 



'i~~ 

Log of 

Solubility Product Constants 

T— 

1 

JpH of Minimum 


\ s 

1 

s 

K 2 
s 

3 

s 


[Metal Hydroxide 

[Solubility 

1 

t - - - 

Cadmium 
(aged ) 

-14,4 

1 

o 

• 

to 

—6.0 

-5,3 

-5.6 

10.5 

Cadmium 

(fresh) 

— i 3 , 7 

-9,5 

-5.3 

-4.6 

-4.9 



The aging process involves slow physico-chemical transforma- 
tions within the freely precipitated solid phase. 

Cadmium carbonate solxobility is a function of the 
equilibria between cadmixim carbonate and cadmium metal 
species. This system is defined in terms of solubility 
products (K ) for the specific cadmixim carbonate. The 

''■'■'.S'', 





equilibriiim expression, for solubility of cadmium carbonate, 
is defined as 

Log Cd^"^ = log - log CO^” 2.32 

The carbonate concentration is defined by three pH ranges, 
the dividing points of which are the two dissociation cons- 
tants for carbolic acid, = 10”^*^ and K 2 = lO”^^*^, 

To completely define solubility for the cadmium carbo- 
nate system, hydrolysis of the cadmium ion to form stable 
cadmivim hydroxide species must be considered. The solubility 
diagram is constructed by superimposing the diagram for the 
hydroxide system on that for the carbonate system at a parti- 
cular total carbonate concentrations. Figure 2.3 shows a 
particular solubility diagram at total carbonate concentra- 
tion of 0.005 M. 

2. 5 Renoval of Cadmium from Water and Wastewater 

Several methods are available for removing cadmium from 
water and wastewater, including precipitation as hydroxide 
(Jenkins et , 1964; Argo and Culp, 1972; Sorg et .al . , 

1978; Bhatia ^.ai. , 1979), carbonate (Patterson et.al. , 

1977) and sulfide (Sxjmmary Report, EPA, 1980), ion exchange 
(Linstedt et-ai. , 1971), reverse osmosis (Hindin et .al » , 
1968), foam separation (Chou and Okamato, 1976) and adsorp- 
tion (Netzer and Norman, 1973; Netzer £t .aT, , 1974; Randall 
/ 197.4; Wing et .al_. , 1975; Sunderesan et.al . , 1978; 
Huang and Osto vie, 1978'; Chaney and Hmdemann, 1979; 

Huang and Smith, 1981; Larsen and Schierup, 1981; Hxiang and 
Wirth, 1982; Bhattacharya, 1983). 


Patterson (1975) and Rouse (1976) have reviewed metal 
removing techniques and suggested that the selection of 
method was largely dependent on economic factors and the 
required effluent conditions. 

2.5.1 Cadmium Precipitation 

The most common treatment for cadmium and other 
heavy metals is hydroxide precipitation in which lime or 
caustic is added to adjust the wastewater to alkaline pH, 
followed by precipitate formation, settling, and perhaps sand 
filtration. Most effective precipitation for cadmium occurs 
between pH 9.5 and 12.5. Freshly cadmium hydroxide has been 
reported to leave approximately 1 mg/1 of residual cadmium 
ion in solution at pH 8 and reduced to 0.1 mg/1 at pH 10 
(Jenkins 1964). Bhatia ^.al. (1979) reported 

cadmium residual concentration of 0.014 mg/1 at pH 11.5. 
Co-precipitation with iron and aluminium hydroxides have 
^own to give very good rsnoval even at pH 8.5. Filtration 
process reduces the effluent concentration further. Removal 
of about 100 percent can be achieved throughout the pH range 
from 8.7/ to 11.3 by lime and excess lime treatment. Sorg 
et.^. (1978) achieved 100 percent removal with a cadmium 
concaitration as high as 10 mg/1 at pH 11.3. 

Hydroxide treatment system has several problems which 
include poor filtrability because of the gelatinous nature 
of the hydroxide sludge, large volumes of sludge (including 
gypsum if the waste is high in sulfate and lime is used for 
neutralisation) and in the case of cadmium optimum hydroxide 



precipitation at pH 10.4 (Patterson, 1975). Subsequent pH 
readjustment is needed for treatment at high pH, which incr- 
eases the treatment costs and effluent dissolved solids. 

Most metal bearing waste streams now contain complexing 
agents which have been used in conjunction with the heavy 
metal pollutants and which in learge measure stabilize the 
pollutant ions against hydroxide precipitation. 

Conventional coagulant treatment with alum or ferric 
chloride is also effective in removing cadmixjm from water 

and Culp, 1974; Sorg et » al . , 1978), Iron coagulant is 
slightly more effective than alxim, removing cadmium greater 
than 90 percent at pH 0.8. and above. At low alkalinity, 
cadmium removal by alvim is dependent on turbidity. Higher 
turbidity gives more percentage of cadmium removal (Sorg et. 
al.V 1978).: 

Carbonate precipitation treatment occurs at pH values 
less than those for optimvun hydroxide treatment; cadmixim 
carbonate precipitate is reported to be more dense than 
hydroxide precipitate, yielding improved solids separation 
and decreased sludge volume, and carbonate sludges are 
reported to have better filtration characteristics than 
hydroxide sludges. The pH range from 8.4 to 10.8 has been 
reported to give treatment of 0.25 to 1.7 mg/1 cadmiura>. The 
advantage in precipitating cadmixam with carbonate is that 
at pH 8,4, the residiaal cadmixam concentration obtained is 
1.2 mg/1 while for the cadmium hydroxide system at pH 8.6, 
the maximxom soluble concentration is 126 mg/1 (Patterson 
, 1977/) . 



Soluble sulphides such as sodium sulphide have been 
used in the past to precipitate metal ions from solutions. 

With proper controls ^ such separations are generally substan- 
tially quantitatively complete, however, prior at sulfide 
precipitation processes have certain disadvantages which have 
prevented their widespread adoption. The most serious pro- 
blsn has been the formation of noxious quantities of hydrogen 
sulfide. 

2.5.2 Ka stone Process 

The Kastone process was developed by the Du Pont 
Company and is recommended for the treatment of cadmium 
cynide. The solution pH is adjusted to 10.0-11.5, the solu- 
tion is heated to 120° -130° F, and hydrogen peroxide and forma- 
lin are added according to recommendation of the supplier, 
depaading on a previous analysis. In approximately 60 
minutes, the treatment is completed. The filterability of 
the metal solids is improved by the process , but there is 
greater danger for entrapment of the insoluble metal cynides 
in the sludge. The chemical costs are somewhat higher with 
this process. The effluent requires biological treatment, 
so it must be discharged to a sanitary facility. 

2.5.3 Ion Exchange 

Ion exchange is a system for removing one ion 
from solution and substituting it with another ion to 
produce a solution that has a more desirable composition 
than the one being treated. Standard cation exchange resins 
have good selectivity for cadmium with only calcixom, lead 


and barium being more preferred. This treatment is utilised 
in plating industry for removing cadmixm from rinse water 
enabling re-use of the water. Ion exchange resins with high 
specificity for cadmium are commercially available. Ion 
exchange can be used as a polishing treatment or a recovery 
process. Cadmi\m removal by ion exchange may be pH depen- 
dent (Sorg et .al . / 1978). Linstedt et .al . (1971) removed 99 
percent cadmium by a cation exchange process and 99,9 percent 
by cation and anion exchange. In ion exchange process sludge 
handling can be expensive since cadmium separation can be a 
complex. Large installations are reqioired to provide the 

exchange capacity needed between regeneration cycles (Patt- 

0 

erson and Minear, 1973) because of the limited capacity of 
ion exchange system. Design considerations have to be very 
carefully weighed, 

2.5,4 Reverse Osmosis 

Reverse osmosis separates pure water from its 
contaminants rather than removing contaminants from the 
water. Cadmium removal has been worked with prepared thin 
films of cellulose acetate sami-permeable membranes/ which 
can operate between a pH range of 4-8. Toxic metals from 
metal plating industrial wastes have been treated successfully 
by reverse osmosis. However, Hindin (1968) obtained 

70 percent removal of cadmium at different initial concen- 
trations conducting laboratory tests employing reverse 
osmosis. If removal is limited to 70 percent only, this 
technique would be useful only for initial cadmium levels of 


very low concentrations. It Is a costly process and the 
influent of the system does have certain restrictions like 
dissolved solids concentration (2 to 5 %) ^ its narrow accep- 
table temperature range for satisfactory operation (35-85°F)/ 
concentration of iron and manganese (allowable below 0,3 ppn), 
free chlorine (allowable below 0.2 ppm). Suspended solids 
must be less than 10 p,m in diameter. 

2.5.5 Foam Fractionation 

Foam fractionation (separation) can be applied 
for removal of heavy metal ions by using an anionic surfactant. 
Foam fractionation is defined as the particle separation of 
dissolved (or sometimes colloidal) substances from liquid by 
adsorption on the surface of bubbles which ascend through the 
liquid to form a foam which then retains the adsorbed subs- 
tances (Lemelich/ 1972). Chou and Okamato investigated the 
removal of cadmixrm from aqueous solution by foam separation 
using chelating agents under various conditions. They fomd 
that cadmium can be successfully removed by foam separation 
using sodiiam dodecyl benzeie sulphonate or 4-dodecyl diethy- 
lene triamine surfactants. 

2.5.6 Adsorption Techniques 

Interest has risea recently in renoving cadmium 
ions from solution using adsorption techniques. Many inves- 
tigations on the sorption of cadmium on activated carbon 
(Linstedt et.al./ 1971? Netzar and Norman/ 1973? Huang and 
OstoviC/ 1978? Hxoang/ 1980? Huang and Smith/ 1981? Huang 
and Wirth/ 1982) / starch xanthate (Wing et.al./ 1975)/ 
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discarded automotive tires (Netzer, 1974), serpentine mineral 
(Sxmderesan ^.al., 1978) , Giridih bituminous coal and 
activated rice husk (Bhattacharya/ 1983) have been conducted. 

To materialize widespread use of adsorption process , 
there is a need to furnish adsorbents designed to offer a 
low-cost treatment options. Efforts have been made in 
removing cadmium and other metal ions from solution by .binding 
with such agricultural materials such as waste wool/ nut 
wastes, tree barks and modified cotton (Ma>sri and Friedman, 
1974, Randall ^al., 1974). The obvious advantage of such 
adsorbents compared to other processes such as ion exchange* 
by resin, reverse osmosis and adsorption on activated carbon, 
is their lower cost (Larsen and Schierup, 1979). 

Natural byproducts such as chitosan (produced by deacy- 

tylation of chitin ) (Masri al . , 1974; Muzzareli and 

Rocchetti, 1974; Nair and Madhavan, 1982) and miloganite 

(Masri 1974) have shown promise in binding heavy 

metal ions, Chitin [(1 4) - linked 2 acetamido-2-deoxy- 

p-D-glucan] and its N-deacytylated derivative, chitosan, 

display specific binding characteristics. Chitin adsorbs 

wheat germ agglutinin, jhosphorylases and a specific 

3+ 3+ 

protein present in crab shell , Chitosan adsorbs Ti , Cr , 
Fe^-^, Co^^, Ni2+, Cu^^, Ag^ Cd^^, Zn^^^ and Hg^-^, 
but not Li'*’, Na"*^, Mg^'*’, Si^"*", and Ca^'*’. The adsorption of 
uranium on chitin, chitosan and their phosihorylated deri- 
vatives has also been reported and a structure was proposed 
for the uranyl chitosan complex^ 
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2.6 Chemistry of Chitin and Chitosan 

2,6.1 Sources and Characteristics of Chitin 

Chitin occ\jrs widely in lower animals, fungi and 
Crustacea. The exoskeletons of prawns ( Penaeus indicus ) , 
crabs ( Scylla serrata ) , and lobsters, rich in chitin which 
are thrown out as waste from processing plants in large 
quantities, have attracted the attentioi of the scientists 
and technologists as a raw material for chitin production, 
all over the world during recent years. The prawn processing 
industry in India turns out over 60,000 tonnes of waste 
comprising head and shell containing about five percent 
chitin. Consequent on the demand of squid ( Loliqo sp.), the 
squid fishery is also gaining in importance lately. The 
squid pen provides pure chitin in large amounts. Squilla 
( Oratosquilla nepa ) , constitutes another important source 
for chitin, a considerable portion of the trawler catch along 
with prawns in certain seasons. In India, Squilla is not at 
all used for human consumption as it does not contain much 
meat and hence the catch is thrown back into the sea itself 
(Nair and Madhavan, 1982). Exoskeletons contain from 20 to 
50 percent chitin (Vaidya and Bulusu, 1984), 

As more and more uses are discovered for chitin, 
chitosan and their derivatives in recent years, research 
efforts have intensified in identifying microorganisms 
capable of degrading and producing these compounds, Warnes 
and Rux (1982) examined the mineralization rate of parti- 
culate chitin in a small fresh water lake in east central 
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Indiana. They found that the sediment-water interface is the 
most active site of chitin mineralization in the lake environ- 
ment. The chitin content of sediments depends not only on 
the initial chitin content of skeletal components but rather 
on the way those skeletal structures withstand weathering. 
Despite their fundamental interest in basic ecology, there 
are very few if any quantitative data on chitin biomass in 
natural environment . 

The production of chitin is connected very closely with 
that of the fishing industry and has been increased const- 
antly within the recent years. In U.S.A. and Japan chitin 
and chitosan are produced these days in an industrial range. 
The raw material is supplied by the crab fishing industry 
(Gross ^.ai., 1982). 

Chitin is a polysaccharide polymer containing 2-deoxy- 
2 amino glucose units linked through p-1,4 linkages. It is 
hydrophilic, inert, and nonbiodegrsdeble. It has been repor- 
ted that every five amino groups out of six in the chitin 
molecule are in the acetylated form. 

The most acceptable structure of most abundant a -chitin 
was proposed by Carlstrom (1952). The fiber repeat is iden- 
tical with that of cellulose and the unit cell contains two 
antiparallel chains. There are two types of hydrogen 
bondings involved; an intramolecular 0-3' . . .0-5 hydrogen 
bond and an intermolecular NH. . .0=C hydrogen bond between 
the amide groups which lies almost perperKiicular to the 
fiber axis. Figure 2.4 shows the primary structure of chitin 
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with three repeating units (Labischinski and Naumann, 1982). 



Figure 2.4 Primary Structure of Chi tin. 

The insolubility of chitin is suggested to be due to the 
rigid crystalline structure supported by the inter- and 
intramolecular hydrogen bonds, Chitin is closely associated 
with protein / inorganic salts such as calcium carbonate, and 
lipids including pigments. To remove these substances succ- 
essfully, following procedures are usually employed. Decal- 
cination by immersing in a diluted hydrochloric acid or in 
an EDTA solution; deproteinization by heating in aqueous 
alkali, and raiioval of lipids by extracting with hot ethanol. 

The dry , flake like chitin contains not more than 5% 
moisture and usually upto 3 % ash. Colour varies from creamy 
white to light-pink or light-yellow tan. Acetyl contents 
of a, p and Y “Chitin are 7,3%, 9.31% and 11.10% respectively, 
2,6.2 Chitosan and Its Characteristics . 

Chitosan is generally prepared from chitin by 
N-deacetylation with alkali and now commercially available 



29 


in a ton scale. Chitosan or deacetylated chi tin in acidic 
medivim develops a violet or reddish colour with iodine. 
Chitosan^ the dry^ flake-like substance, contains not more 
than 5 % moisture and has a white or white- pinky colour. 

While chi tin is insoluble in most solvents, chitosan is 
readily soluble in acidic solutions and more available for 
industrial applications, Chitosan is insoluble in water, in 
organic solvents and in alkali. In the presence of a limited 
amount of acid it is soluble in water -methanol, water- 
ethanol, water acetone and other mixtures. 

Chitosan is soluble in formic and acetic acids. Even 
though a systematic survey was not reported, other organic 
acids fail to dissolve chitosan. Inorganic acids can diss- 
olve chitosan at certain pH values after prolong stirring 
and heating. Nitric acid can dissolve some chitosan but 
sometimes after dissolution one can observe a jelly white 
precipitate. Hydrochloric acid also requires heating and 
stirring for hours. Sulphuric acid does not dissolve chito- 
san. It forms chitosan sulphate. At a concentration of 2 x 
-5 

10 M chitosan completely inhibits the fermentation of 
glucose by a 0.03% yeast suspension (Ralston ^.al., 1964). 

At the said concentration it caused an aggregation of yeast 

cells which can be observed under microscope. At higher 

-3 

concentration of 2 x 10 M the yeast was not aggregated, 
(Vaidya and Bulusu, 1984), 

Effective deacetylation of chitosan is readily attained 
by intermittently washing the intermediate product in water 
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two or more times during the alkali treatment. The molecular 
weight of chitosan obtained by Mima (1982) was 5 x 10^ 

at the most deacetylation of nearly 100%. 

According to Wu and Bough (1978)/ deacetylation proceeds 
to about 70% within the first one hour of alkali treatment in 
50% NaOH solution at 100° C but it progresses only gradually 
after this, reaching 80% in five hours. Further alkali treat- 
ment does not deacetylate significantly and only degrades the 
molecular chain. Reaction temperature has significant effect 
on the deacetylation rate. The rate at 110°C is more than 
twice as rapid as at 60°C. High reaction temperature/ 
however/ has the effect of decreasing the molecular weight. 
Figure 2.5 shows whole process of deacetylation. 


Chi tin Source 


Alkali Treatment by NaOH 
(40-50%)inN 

I 

Washing in Distilled Water 


Chitosan 


Figure 2.5 Whole Process of Deacetylation, 




Tensile strengths of chitosan in the dry state range 

2 

from 610 to 1050 Kg/cra . The mechanical strengths tend to 
increase if the sample has a larger molecular weight and/or 
is more deacetylated. The acetyl content of chitosan can be 
determined by infrared spectroscopic method. 

Chitosan is dispersible in aqueous solution under acidic 
conditions by virtue of its poly cationic natxure. The struc- 
ture of the chitosan ffepeat unit is shown in Figure 2.6 along 
with structures of some common fiinctional polysaccharides. 

It can be seen that the structure of chitosan is similar to 
that of other polysaccharides. Chitosan is depolymerized by 
halogenolysis accompa|iying deaminition and oxidation reac- 
tions via chitosan-halogen complexes. A colour reaction of 
chitosan with iodine has been used for the detection of 
chitosan and partially N-deacetylated derivatives of chi tin, 

2.6,3 Uses of Chi tin and Chitosan 

Chitosan, a naturally occurring polymer has not 
yet been considered as potential raw material sources for 
industrial purposes because of its low processibility , and 
also because of lack of higher functionality. Recently 
utilization of chi tin and chi tin derivatives have been attem- 
pted, Micro crystalline chi tin, a partially degraded low 
molecular weight chi tin, has apparent potential in both 
medical and nutrition applications (Deschamps and Castle, 
1982). 

The application of chitosan to pulp and paper industry 
has long been studied by several groups of workers. Chitosan 
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Pigxire 2,6 ■tractiore of Chitosan and Other Polysaccharides. 


coating was found to contribute to increase of surface strength 
of machine-made Japanese paper. Regenerated chitin fiber 
paper with considerable strength was made when used N-substi- 
tuted chitin fibers as biders. In paper industry it is 
hoped that cationic fibers like chitin and its derivatives 
are effective in acceleration of drainage ^ increasing 
retention of fines and fillers as well as sizing effect. 

The development of chitin fiber paper is also long awaited 
from the viewpoint of medical utilization (Kobayashi et .al . / 
1982). Nutritional studies have shown that a combination of 
chitinous products and whey in isonitrogenous isocaloric 



33 


diets enabled broiler chickens to utilise whey more effici- 
ently . Several new uses of chitin have been demonstrated in 
recent years including medical sutures, film and fiber pro- 
ducts, and derivative compounds (Brine and Austin, 1975). 

It has been demonstrated that as little as a 1 % chiti- 
nous amendment to potting mixture can cause a significant 
increase in the population of chitinolytic actinomycetes. 

This treatment also causes a reduction in root-knot infest- 
ation in plants (Lewis and Susan, 1982). 

Both chitin and chitosan are capable of displaying 
significant host defence effect in animals challenged with 
tumor cells and pathogenic microbes (Suzuki et.^. , 1982), 
Chitosan can be a useful ingredient in hair cosmetic products, 
without the disadvantages of the synthetic polymers, used 
generally for the same purpose (Wella 1982). Chitosan 

also finds application in foods, textile finishing and 
printing, chromatography etc. Chitosan improves the func- 
tional properties of fish packaging materials. 

2.6.4 Chitosan Application in Water and Wastewater 
Treatment 

A partially deacetylated chitin (a chitosan with 
less than 7 % nitrogen content) may be used in treating turbid 
matters in an aqueous solution (Peniston and Johnson, 1977), 
Chitosan has been evaluated as an effective coagulating 
agent. Bough et . al . (1975) have reported that the effect of 
chitosan on coagulation of suspended solids in various 
food— processing wastes such as poultry, egg, vegetable, 
cheese whey, sea food wastes and activated sludge, and these 
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byprcxiucts have no adverse effect upon animals at chitosan 
levels below 5% of the diet. However^ it is required to 
disinfect microorganisms when byproducts from waste is used 
for feeds. 

Wu and Bough (1978) studied chitosans with varying 
chanical characteristics and molecular weight distribution 
for their effectiveness as waste treatment agents for condi- 
tioning of activated sludge and cheese whey. Parasan 27 
marketed in India has been reported to be modified chi tin by 
the prodvicers with good clarification properties. At the 
Central Institute of Fisheries Technology in Cochin (Prabhu 
et.al.^ 1976) muddy water which was prepared by suspending 
finely groxond brick powder in ordinary water, was inoculated 
with chitosan and alum in doses of 10 mg/1. In samples 
studied after 45 minutes, the bacterial load has been reduced 
much more by chitosan than alxim. 

Vaidya and Bulusu (1984) have reported that chitosan is 
a potential coagulant and coagulant aid for the removal of 
turbidity from water and is capable of working even low 
turbidity waters. The reduction in turbidity was foxind 
remarkable at high turbidities even at comparatively low 
doses. Emulsions with an emxolsified oil concentration in 
the range of 1000 to 4000 ppm and stabilized by anionia 
surfactants can be efficiently flocculated by addition of 
chitosan (Axberg et. al . , 1980). The application of chitosan 
did not significantly change the pH of the treated water 
and did not contribute to the organic content of treated 
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water. By preliminary cost analysis, Vaidya and Bulusu 
(1984), showed that considerable savings are possible wh(*n 
chitosan is applied in water treatment as coagulant or 
coagulant aid . 

The presence of amino groups in the chitin molec\iLe 
provides a binding site for proteins. The capacity of chito- 
san conditioned in ammonium sxilphate and/or sulfuric acid 
for collection of metal ions has been discussed by Muzzarelli 
et.al. (1974). They also reported that the difference in pH 
of the solution influence the metal ion adsorption capacity of 
chitosan. The adsorption characteristics of chitosan prep- 
ared from four different sources, namely, crab, prawn squid 
and squilla in the case of Pe^"^, Co^'*’, Ni^”^, Hg^"^ and Cu^"^ 
ions were studied by Nair and Madhavan (1982), The behavioiir 
of chitosan from these fo\ir sources did not differ markedly. 

In all cases quantity of different metal adsorbed varied 
considerably irrespective of the source of chitin. 

Madhavan and Nair (1978) found that viscosity and 
adsorption capacity of chitosan are independent of each other. 
Separation of trace elsnents fran sea water by chromatography 
on chitosan was reported (Muzzarelli et.^. , 1970). Accor- 
ding to Masri et.^, (1974), the greater effectiveness of 
chitosan for metal binding may be due in part to the greater 
basicity of the aliphatic primary amino group (pK about 10 ). 
Tney ^owed the potential utility of chitosan for removing 
and concentrating heavy metals from industrial effluents and 
other water sources. Muzzarelli et.al. (1970) proposed 
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cilitosan as a chelating chromatographic support suitable for 
pollution detection survey and abatanent, for wastewater 
purification and recovery of trace metal ions for analytical 
purposes. The adsorption of 'oraniura by chitin (Tsezos and 
Volesky, 1982/ Tsezos, 1983) and by chitin phosphate and 
chitosan phosphate has been found, Kume and Tak^isa (1982) 
reported the Y -irradiation on disinfection and recovery of 
protein from wastewater with chitosan. Irradiation can 
improve the coagulating properties of chitosan. 

2.7 Surface Charge Characteristics of Sorbent 

Parks (1967) showed that if the surface area is large, 
the development of the electrical double layer may lead to 
important changes in the solution composition and pH. 

Because, the behaviour of suspension is determined or modi- 
fied to a great extent by the charge associated with the solid 
phase. Parks (1967) introduced the concept of zero point of 
charge, zpc, or isoelectric point of the solid, lEP(s), both 
terms mainly related to The pH, at which the solid 

surface charge from ail soixrces is zero, is called the zero 
point of charge (pH ), pH can be distinguished by pH 

!Z]pO ZpO 

at zero net adsorption of protons and , hydroxide ions, i.e,, 

T H^ - T oh’* =’ 0. Prom this argument, ideally, pH^^^ will 

be independent of the electrolyte concentration (H\iang/ 1981). 

The zero point of charge values give indications on 
the behaviour of various sorboits in the aquatic environment. 
Below pH the surface is positively charged and it behaves 
as a cation exchanger, whereas, above pH^^^ the surface is 
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negatively cdiarged and braves as anion exchanger. Maximum 
coagulation and sedimentation rates occur at zero point of 
charge. Anion and cation adsorption capacities are equal and 
minimum at zero point of charge (Parks, 1981), 

2,8 Summary 

From the literature review it is apparent that cadmium 
is probably the most harmful and insidious pollutant because 
of its noa-biodegradable nature and its potential to cause 
adverse affects in human beings at certain level of exposure 
and absorption. Because of its toxicity, cadmixom is not 
suitable for waterborne discharge. The specified discdiarge 
limit is often below 1 mg/1 . Despite its potential toxicity 
it is widely used and particular industries rely on solutions 
of the cadmium ions. 

Wastewater from electroplating plants, spillage through 
galvanization effluents besides the runoff from agricultural 
lands infested with phosphatic- fertilizer and pesticides are 
the primary soxirce of cadmium pollution. 

The treatment options available for cadmium removal 
have been reviewed. Interpreting the data available on vari- 
ous treatment options, it has been observed that adsorption 
process offer most potential cadmi\im removal mechanisms, 
Adsorpticai of cadmium on activated carbon appears to be an 
attractive method, Chitosan has recently been proposed as 
an excelloit adsorbent for heavy metals. There is a need 
toundertake an investigation of this natural polymer for 
removing cadmium pollutiaa. 



3. SCOPE OF THE WORK 


In the present study, an attempt is made to evaluate 
the adsorptive capacity of chitosan which is a natural polymer, 
Chitosan is N-deacetylated derivative of chitin structural 
polysaccharide and is a waste product from prawn, crab and 
shrimp canning industries. The ability of chitosan to complex 
metal ions has been reported in literature. The present worX 
is carried ouc along the following lines. 

(1) Batch sorption tests to evaluate the important sorption 
parameters . 

(2) Experiments determining the rate limiting step in 
sorption of cadmium on chitosan. 

(3) Effect of chitosan/cadmium ratio, pH, temperature, 
calcium concoitration and various sizes of chitosan on 
sorption kinetics of cadmium. 

(4) Equilibrium studies to compare the cadmium sorptive 
capacities of various sizes of the sorbent, 

(5) Effect of competitive ions, EDTa and ionic strength on 
sorption of cadmium, 

(6) Batch tests for desorption of cadmixim from the cadmium 
loaded chitosan. 

(7/) Regeneration studies for chitosan, 

(8) Downflow column studies to remove cadmium from water 
using a laboratory column. 



4. MATERIALS AND METHODS 


4.1 Glassware 

All glassware used in the present study was of 'pyrex' 
quality manufactured by Borosil Glass Works Ltd,, Bombay and 
marketed under the brand name 'Coming'. All glassware were 
washed with TEEPOL (manufactured by Surfactant Pvt, Ltd., 
Bombay) followed by tap water and distilled water. The glass- 
ware were finally soaked overnight in cadmium solution of the 
same concentration used in experiments. Prior to use they 
were rewashed with glass-distilled water. It was expected 
that this procedure would effectively block the active sites 
on the glass to eliminate any error being introduced from the 
sorption of cadmium on glassware in the actual experiment, 

4.2 Water 

Water used in all batch sorption experiments was labo- 
ratory distilled water redistilled in a glass distillation 
still. The average of this redistilled water was 6.5 and 
conductivity varied between 4.7 x lo"" and 6.2 x 10 siemens/ 
cm. Tap water was used to prepare the raw water feed for 
the column studies. The analysis of the tap water is given 
in the Table 4.1, 

Chemicals 

All ch^icals used were of analytical reagent grade. 

Stock cadmium solution ( 1 g/l ) was prepared from cadmixom 
nitrate and this was used to prepare working solutions for 
daily experimental work. 
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Table 4.1 

Analysis o£ Tap Water 


1, pH 

2, liirbidity 

3 , Conductivity 

4, ' Alkalinity 

5 , Hardness 

6, Calcium hardness 

7, Chloride 

8 , Cadmium 


7.8 - 8.0 

Not detectable 

1.26 X 10 Siemens/cm 

367 rog/1 as CaCO^ 

162 mg/1 as CaCO^ 

82 mg /I as CaCO^ 

37 mg /I as Cl” 

Not detectable 


4.4 Sorbent 

The sorbent used was chitosan. Chitosan was prepared 
in the laboratory by N-deacetylation of chitin in alkali 
solution. Chitin was obtained from Chempure Ltd,, Calcutta. 

4,4,1 Preparation of Chitosan 

The chitin was treated for five hours in 50% 

NaOH solution at about 80° C under nitrogen atmosphere, 

Chitosan, the hydrolysis product obtained by the alkali treat- 
meant was washed in distilled water at about 80°C to neutrality. 
Chitosan was dried very carefully at a temperatvire not exceeding 
80°C, It was pulverised and sieved to a geometric mean size 
of 190 Jim and stored in air tight glass bottle for use in 
sorpticxi experiments, other particle sizes such as 37 ixm, 

144 Jim, 256 jim and 328 p,m were also used for sorption 
kinetics and sorption equilibria experiment. 378 ji m size 
chitosan was used for down flow column studies. 
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4.5 Analysis of Cadmium 

CacJmium concentrations in the sample were estimated 
using IL 75/AA/AE Spectrophotometer (manufactured by Instru- 


mentation Laboratory / Inc., Wilmington, MA 01887, U.S.A.). 

The operating characteristics of the instrument for the esti- 
mation of cadmium are as follows: 


Light source 
Lamp current 
Wavelength 
Slit width 
Burner head 
Flame 

description 

Sensitivity 


Linear range 


Inter f er ences 


Hollow cathode 
3 mA 

228.8 nm 
320 nm 
Single slot 

Air-acetylene, oxidising 
flame lean blue 

The sensitivity (at 0.0044 
absorbance = 1 percent 
absorption) is about 0.01 
ng/ml for the instrument 
parameters described above, 

The working range for 
cadmium is linear up to a 
concentration of approxi- 
mately 2 ngAil (when using 
an aqueous solution and 
the instrument parameters 
listed above) 

No major interferences 
have been observed in 
air-acetylene flame. 


The sample was directly aspirated which was subsequ- 
ently atomized in air-acetylene flame and the intensity of 
the flame was measured using a Hollow cathode lamp at 
suitable wavelength. The anode usually employed is of 
tungsten. The amount of light absorbed is proportior|^|g 
the amount of el Qnent present In the sample. 
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The instJTtament was initially calibrated for known concen 
trations and then the unknown concentration of the sample was 
determined , 

4,6 Sorbent 

A procedure outlined by Huang and Ostovic (1978) was 

employed to estimate the pH of the zero point of charge 

(pH ) of chitosan. It was done by fast acidimetric- 
zpc 

alkalimetric titration method. To four identical portions 

of 100 ml solution containing known amounts of sodium 

-1 -2 --3 

chloride (10 10 M> 10 M), 1 g of chitosan was added. 

The samples were agitated for 20 hours at low speed. Two 
samples (with chitosan) were titrated directly with acid 
(0.1 M HCl) and base (0,1 M NaOH), The values were taken 
at 30 sec after each aliquot of titrant was added. The other 
two samples were filtered and the filtrates (without sorbent) 
were titrated as earlier. The net titration curve for each 
ionic strength was obtained by subtracting the titration 
curve of the filtrate (without sorbent) from that of the 
sample (with sorbent). In the absence of specific chemical 
interaction between the single electrolyte and the surface# 
the net titration curves usually meet at a point that is 
defined as the pH (Huang and Ostovic# 1978). Figure 4,1 

2!i]pO 

shows the typical titration curve for chitosan. The pH 

ZjpC! 

of chitosan was foxjnd to be 8.56, 

4 . 7. Experimental Techniques 

4.7<,i Batch Sorption Kinetic Tests 

Batch sorption experiments were conducted at 




Fig. 4-1 Titration Curves for Chitosan in the presence 
of NaCl at Various Concentrations 


44 


20 rptn was maintained. The sorption rate study was conducted 
over a series of 300 ml bottles. Predetermined amounts of 
sorbent and sorbate were added to 200 ml sample volume . 

Bottles were removed at required intervals and stored in a 
glass test-tube for analysis of residual adsorbate. T^per- 
ature and pH measurements were taken initially and at the 
end of each experiment. In sorption kinetic studies initial 
cadmium concentration was varied in the range of 1 mg/1 to 
10 mg/1, The same procedure was employed to investigate the 
effect of pH, Ch/Cd ratio / geometric mean sizes of particles, 
calcium concentration, temperature and speed on the kinetics 
of cadmium adsorption. 

Effect of temperature on the rate of sorption was 

conducted at two different prevailing ambient temperatures 

as the facility to undertake this investigation over wide 

range of temperatures was not available, 

4,7,2 Sorption Equilibrium Studies 

Adsorption isotherm experiments were conducted 

using the time required to attain equilibria (24 hrs) from 

the kinetic stxadies. The adsorption isotherm consisted of 

mixing a known amoiont of chitosan with several concentrations 

of cadmium solution in the sample bottles, 500 mg/1 of 

chitosan was used in these studies. 

Effect of pH, Chloride Concentration, Ionic 
Strength , EDTA , and zinc Concentration on Sorption 

The effect of pH at various reaction time on 

cadmium sorption was studied. The pH was adjusted in the 

range of 3 to 10 using either 0,1 N HCl or 0,1 N NaOH. 
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Effect of chloride^ ionic strength and EDTA on cadmivim 
sorption was studied by adding different concentrations of 
these substances in 5 ntg/1 of cadmium solution. Effect of 
zinc concentration on cadmiiom sorption was studied by varying 
concentrations of zinc and cadmium both, 

4,7,4 Batch Desorption and Regeneration Studies 

Following a two-hour adsorption period, the 
cadmium laden chitosan was separated from solution and immer- 
sed in distilled water adjusted to same pH, 

For desorption kinetic studies initially 3 gm of chitosan 
was loaded with cadmium using 200 ml of 100 mg/1 cadmium, 
solution and a contact time of 24 hours. Experimental condi- 
tions were similar to that of batch sorption tests. The 
amount of cadmium sorbed was determined by measuring the 
concentration of cadmium ronaining in solution. The cadmium- 
laden chitosan was then filtered and washed gently with 
double distilled water to r^tiove any unsorbed cadmium in the 
film. of liquid adhering to chitosan. This was followed by 
air drying. Cadmium was then allowed to desorb by suspen- 
ding 500 mg/1 of Cd-saturated chitosan in (a) 200 ml of 
double distilled water and (b) 0,01 N HCl with agitation. 

Same as sorpticxi kinetic e3<periments, several bottles were 
used and the bottles were removed from the shaker at 
desired time intervals and supeimatant analysed for cadmium. 
For sorbent regeneration studies, the same procedure 
as above was employed for cadmium loading. 200 mg of air- 
dried cadmium-saturated chitosan was suspended in 200 ml of 
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regoierant soluticm (0.01 N HCl) with agitation for 12 hours 
following which cadtnixra sorbed was determined, Chitosan was 
then filtered^ washed and air-dried before subjecting to next 
loading cycle. The loading-regeneration cycle was repeated 
three times. 

4.7,5 Column Studies 

Glass column with 1.0 cm inside diameter was frilled 
to a depth of 30 cm. Chitosan particles (geometric mean 
size 378 p,m) was used. Glasswool was placed at the bottom of 
the column to hold the chitosan. The influent cadmium solu- 
tion was stored in a 10 litre bottle. The column was operated 
in a downflow packed bed mode. Turbidity -free tap water 
containing 5 mg/1 cadmi\im at lowered pH 6.9 was fed to the 

column without any treatment, A constant flow rate of 
3 2 

3 M /k /hr was maintained manxxally. The samples of the 
influents and subsequent effluents were periodically collec- 
ted and analyzed for cadmium. 



5. RESULTS mD DISCUSSION 


Results of all experiments are presented in graphical 
and tabular form. In order to facilitate presentation^ a 
discussion of the results follows each phase of the experi- 
mental work. The resxalts of the experiments devoted to 
obtain an understanding of the complex nature of chitosan- 
cadmium sorption interactiais are presented and discussed 
first. 

5.1 Sorption Kinetics 

The important physicochemical parameters which help 
defining the type of sorption and evaluating the process of 
sorption are kinetics and sorption equilibria. The study of 
the kinetics of the system is important from the fact that 
it determines the rate at which eqxrilibrium is approached. 

The solute uptake rate by sorbent^ obtained from kinetics of 
sorption, governs the contact time and this is an important 
characteristic defining the efficiency of sorption. Sorption 
equilibrium study is important in determining the feasibility 
and capacity of the sorbent for sorption. An efficient 
adsorption process has two basic requirements; (1) rapid 
roBoval of pollutants from the solution and (2) a large ulti- 
mate capacity for adsorption. 

The rate at which a solute is removed from a soluticxi 
depends upon the mass-transfer coefficient (rate coefficient) 
and upon the departure of the system from equilibrium. The 
uptake of cadmium by chi tosan wi th time at pH 6 , 5 using 
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initial cadmium concentrations of 1.5 mg/1, 5 mg/1 and 10 
mg/1 is presented in Figure 5.1. It appears that cadmium 
adsorption by chitosan is a rapid process. The rate of sorp- 
tion was very rapid within the first fifteen minutes of reac- 
tion time and decreased markedly upto 2 to 6 hours and grad- 
ually approached equilibri\jm . It is evident from Figure 5.1 
that equilibrixom is obtained more rapidly for lower concent- 
ration of cadmium solution. The initial sorption rate which 
is quite high for the first 15 minutes may be termed as an 
in stantaneous sorption , 

The cadmium sorption-mechanism appears to consist of 
the following processes that are described below. 

Amino groups of the chitosan network act initially as 
cadmi\OT coordination sites. The ability of chi tin and chito- 
san to complex metal ions has been reviewed in literature. 

The ability of substituted polysaccharides to retain transi- 
tion metals has been correlated to the percentage of nitrogen 
in the polymer chain. Chitosan contains one linear amino 
group per glucose unit and thus exhibits much higher capacity . 
The amino group has an electron pair available for coordi- 
nation. 

Another hypothesized cactaiium sorption mechanism 
involves the adsorption of additional cadmium by the chitosan 
network, close to that complexed by the chitosan-nitrogen. 

The experimental results provide evddaice supporting the 
proposed adsorption process. 



sorbent Concentration: dOOh 
in peraturc : 24 -25 *C 


T I me (hrs ) ; 

Sorption Kinetics of Cadmium on Chitosan a| 
Different Initial Concentrations i 
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Adsorption is a very fast phenomenon when it is not 
limited by mass transfer. Chemical coraplexation and adsorp- 
tion are both rapid processes and Can, therefore, account for 
the observed rapid rate of adsorption initially. Complexed 
cadmium appears to act as a nucleation site for the further 
deposition of cadmi\m. In a recent presentation on uptake 
of metals by the cell wall of bacterixam B. subtllis , Bever- 
idge (1980) also suggested that chemically retained metals 
may act as nucleation sites for further deposition of metal 
in the cell wall. This was also hypothesized by Tsezos and 
Volesky (1982) in the case of uranium adsorption by chitin. 

5.1.1 Effect of Solution pH on Adsorption 

Figures 5.2 and 5.3 illustrate the effect of pH 
on the extent of cadmixjm adsorption. It was noticed that 
final pH values after adsorption deviated to various degrees 
depending on initially adjusted values. At pH 3 adsorption 
occurred at a slower rate attaining only 18% at equilibrium. 

A suddai increase in adsorption, occurred by an increase of 
pH by one unit. This type of behavioxir is specially true for 
hydroly sable cations (James and Healy, 1972). After pH 4 
the adsorption increased linearly upto pH 9 and a little 
decrease occurred at pH 10. 

It is clear that adsorption behaviour of cadmium metal 
ions is similar to metal ion in hydrolysis and is charac- 
terised by a steep pH-adsorption edge (Leckie and James, 
1974). Adsorptiai edge is a critical pH range, often less 
than !• unit wide , over which the fractional amount of metal 
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adsorbed increases from nearly all in the solution phase to 
nearly all adsorbed phase, provided sufficient adsorption 
sites and/or adsorbent area are available. 

Studies of metal adsorption in simple systems have 
consistently shown that pH is the dominant solution parameter 
controlling adsorption and the cation adsorption increases 
dramatically as solution pH increases (Hchl and Stijmra, 1976). 

There are at least three possible ways in which sorption 
of a metal-ligand complex may depend on pH (Benjamin and 
Leckie, 1981), viz., (1) sorption of the complexed metal may 
be chemically analogous to and have similar pH dependence as 
that of the uncomplexed metal, (ii) sorption of the complex 
may be similar to that of the free ligand, and (iii) the 
complex may not sorb at all. Real systems may be represented 
by combination of the limiting cases, and sorptive behaviour 
of a given complex in a given system will d^end on the 
identity of the surface, electrolyte composition of the solu- 
tion, surface electrical potential, etc. In the first two 
situations, the complex may sorb more or less strongly than 
the uncomplexed species. Thus case (iii) is a limiting case 
in which the complex sorbs much less strongly than either the 
free metal or free ligand. 

Representing the chitosan monomer unit by GN, the diss- 
ociation equation of the amine could be given by 

OSl'^ : H + H^O =#= as[ : + H^O 

Adsorption is obviously a function of solution pH. Metal 
ions that would coordinate with the lone electron pair of 
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the amine nitrogen would have to compete with the ions 

for the active sites, A reduced cadmium loading on chitosan 
is observed at lower pH values, most likely due to the 

* • 4 - 

increase in H^o concentration at the lower pH, Lower chitosan 
loadings at low solution pH have also been reported in liter- 
ature by Muzarelli and Tubertini (1969) who indicated quali- 
tatively a decline in the metal uptake capacity of chi tin 
and chitosan for an extended series of metals, when the solu- 
tion pH was reduced from 7 to 2.5, Lower chi tin uranium 
uptake at low pH values was also observed by Tsezos and 
Volesky (1982) and Tsezos (1983). Masri (1974) found 

that one gram chitosan neutralised 5 m moles HCl within 

hours, also forming a gel. One gram also neutralised 5 m eq 
4 * 

H from H^SO^ (without gel formation, chitosan gains weight). 
Thus hydrogen icxi may compete with other cations for binding 
sites of chitosan. 

Cadmium forms soluble complexes with both organic and 
inorganic ligands in aqueous solution . Hydroxide, chloride 
and carbonate ligands are of particular interest to natural 
water and industrial wastewaters. In the case of cadmium- 
redistilled water system, soluble complexes of cadmium 
formed by combination with hydroxide are of particular 
interest. A cadmiiom hydroxide solubility curve (stability 
diagram) , in which the total soluble metal is given by the 
summation of all soluble metal species and is presented in 
Figure 5.4 (Bhattacharya, 1983). The distribution of cadmium 
species is a fwcticai of pH, Based cxi the initial cadmium 
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concentration and pH of water chemical precipitation of 

cadmium hydroxide may occur. Thus solubility diagram gives 

an idea about the extent of cadmitjra removed by hydrolysis 

and subsequent removal of the remaining soluble cadmium by 

sorbent. Cadmium is essentially present as divalent cation, 

Cd , upco pH 7.5 and as divalent cation Cd and monovalent 

caticxi CdCOH)"*^ in the pH range of 7.5 to 8.5. At pH higher 

than 9,5 but below 11 the species present are decreasing 

24* 

concaitration of Cd and increasing concentration of Cd(0H)2,aq 
vide Figure 2.1, 

In order to relate sorption of cadmium as a function of 

pH, the pH corresponding to net zero point of charge (pH ) 

zpc 

for the adsorbent was established. The pH of chitosan is 

^ zpc 

8.56. 

At pH P^zpc sorbent and sorbate are positively 

charged. Figures 5.2 and 5.3 show that significant amount of 

cadmixim was adsorbed below pH . As explained earlier, at 

zpc 

+ 2 + 

lower pH values H^O ions compete with Cd ions for the 
adsorption sites. Above pH 3 to pH , as H-O’*’ ions decrease, 

Z]]pO O 

rate and capacity of adsorption increase. 

At pH = pH to pH = 9 both adsorption rate and 
zpc 

capacity increased. Although at pH = pH , the net surface 

zpc 

charge of the sorbent is zero, but this does not mean that 
surface is without any charged sites. According to Anderson 
et.al , (1981) 30% of the total surface acidic sites may be 
charged. At pH"^ pH while the species of cadmium in 
solution are still positively charged, the surface of sorbent 
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is negatively charged. This implies that, in addition to 
electrostatic forces, specific chemical interacticn must also 
play an important role in cadmium adsorption. Huang and 
Ostovic (1978) and Bhattacharya (1983) made these observations 
for cadmiiom sorption on activated carbon and bituminous 
Glridih coal respectively. 

In the present study ^ cadmium concaatration used for 
pH effect is 2 mg/1 and this concentration may cause some 
precipitation of CdCOH)^ at pH 10. Hence, upto pH 9, removal 
of cadmium is entirely due to adsorption process but at pri 
10 remaining cadmium as Cd( 0 H )2 (aq) is available for sorp- 
tion. 

Beyond pH 9, a decreasing trend in adsorption is shown 
(Figxare 5,3). Cadmium-hydroxy complexes which are formed at 
this pi may be responsible for decrease in adsorption between 
pH 9 and pH 10. Similar trend has been observed for Cd(II) 
adsorption on soils (Elliot and Denneny, 1982), on Giridih 
Bituminous coal and crushed coconut shell (Bhattacharya, 

1983). 

5.1.2 Effect of Chi tosan /Cadmium Ratio 

Figure 5.1 illustrates the effect of initial 
cadmium conceitration on adsorption. The adsorption density 
increases by increasing the adsorbate conceitration. This 

is specially important for acidic pH values, for it is in 

2 + . + . 
this regioi where the Cd ions must compete with H ions 

for the available sites on the chitosan binding sites. 
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Figures 5.5 and 5.6 present data obtained from a diff- 
erent approach. In this case the chitosan dose was varied 
for the same initial cadmium concentration. Experiments were 
done at cadmivm concentrations of 1.5 mg/1 and 10 mg/1. 

These diagrams are useful in giving a clearer picture of 
possible optimum conditions for adsorption. For example^ 

92% cadmium removal is achieved at pH 6.5 whan the chitosan/ 
cadmium ratio is 250 (mg/mg) at initial concentration of 
cadmium 1.5 mg/1 . However , 96% removal can be attained by 
keeping chitosan/cadraium ratio 333.3. 

Whan cadmium cone aitrat ion was increased to 10 rag /I, 

C.OjA.-yyo^ vx/wv. 

97% removal was obtained at chitosan/««pei*«R ratio 150. In a 

cWv'V'o scx.n^- 

separate experiment when 3 g was added to 200 ml of 

100 mg/1 cadmium solution (Ch/Gd = 150)/ 99.4% cadmium 
adsorption was obtained. However, kinetically, the time to 
reach equilibrium reaction was slightly decreased with 
increasing Ch/Cd ratio. 

2+ 

At higher cadmium concentration Cd ions get more 
binding sites on chitosan as h"^ ions remain constant at a 
particular pH. This provides improvement in cadmium adsorption. 

5.1.3 Effect of Calcium Concentration on Cadmium 
Adsorption 

Batch experiments were conducted to study the 
effect of calcium ions on sorption of cadmium by chitosan 
and results are shown in Figure 5.7. Concentration of 
calciiom was 67 times more than cadmium but Figure 5,7 shows 
that there is veary little effect of calci-um ions on the 
adsorption of cadmium. Only 7% drop is observed in cadmium 
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Fig. 5-5 Kinetics of Cadmium Adsorption on Chitosan; 
Effect of Ch/Cd Ratio (Cd^10mg/l) 




Initial Cadmium Concentration : 1-5 mg/l 
Adsorbent Concentration: 500mg/l 
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Fig, 5-7 Effect of Calcium on Sorption Kinetics of 
Cadmium on Chitosan 
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adsorption by chitosan in presence of calcium ions. Since 
calcixm chloride was used for this experimental purpose, some 


chloride effect may be influential in reducing cadmium adsofr 


ption. Effect of chloride on adsorption of cadmium by chitogfan 
is -presented in Section 5*4.1. Earlier investigators 
have shown that chitosan does not adsorb sodium, potassium^ 
calcium and magnesium (Muzzarelli / 1970; Yaku and 

Koshijima, 1978). This is also confirmed in the case of 
calcium by Figure 5.7. 

5.1,4 First Order Reversible Kinetic Model for 
Sorption of Cadmium 

In the present section, attempts are made to fit 
the data of sorption kinetics into the first order equation 
in order to evaluate the rates of adsorption. A simple, 
overall reaction for sorption is assumed and is in the foll- 
owing form: 


A 



B 


5.1 


If the first order reversible model holds true, the rate 
equation for the reaction is expressed as 


dt 


dC 


A _ 


dt 


■'A 


dX^ 

dt 






- C 


A 




K„(C 


2' B 


^A 

O 


where. 



initial concentration of cadmium in solution, 
initial concontration of cadmium on chitosan . 


5.2 
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■" c:oncentration of cadmium remaining in solution at 
any time t, 

Cg = concentration of cadmium on chitosan at time t, 

~ fractional conversion of cadmium, and 
Kj , K 2 = first order rate constants . 


At equilibrium conditions and 


dC 

dt 


B 


dC 


A 


= 0 , 


Hence, 


dt 

- S /''a 

O O 


A 




+ 1 


5.3 


5.4 


= fractional conversion of cadmium at equilibrium, and 


where , 

X. 

e 

= equilibrium constant defined as: 
C 

^ = 


B 




o _o_ e _ __1 

K. 


- C 


A \ 
o e 


5.5 


where. 


‘'A 


= equilibrium concentration of cadmium in solution, and 
Cg = equilibrium concentration of cadmium on chitosan. 

The rate equation in terms of equilibrium conversion may 
be obtained from Equations 5.2, 5.4 and 5,5: 


S'. 

dt 


= (K^ + K^) 0^ - 


5.6 


Integrating Equation 5,6 and substituting for K 2 from Equa*- 
tion 5.5 gives: 
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- ln(l 


X, 


A 




K^(l + |-)t 
C 


5.7 


Equation 5.7 can be rewritten in a different form with more 
physical meaning as follows; 


ln[l - u(t) ] = - K*t 


5.8 


where K* is the first order overall rate constant. Further 


K' = K^(l + 


Ki + 


5.9 


and 


U(t) = 


C, - C 

A 

o 

C. - C. 
o e 




5.10 


U(t) is called the fractional attainment of equilibrium 
(Helfferich, 1962). 

Figure 5.8 shows initial 6 hour plots of ln[l - U(t)] 
versus time as per Equation 5.8 for 5 and 10 mg/1 initial 
cadmium concentrations. Figiure 5.9 shows same type of plots 
for different pH values for 2 mg/1 cadmium concentration. 
These plots indicate a straight line fit, justifying the 
validity of ass\jming first order reversible reaction. Prom 
Figures 5.8 and 5.9, it is observed that the straight line 
portions when extended do not pass through the origin indi- 
cating an initial high rate of cadmi\jm uptake during the 
first 15 minutes. This indicates that some active sites 
exist on the external surface of the chitosan having high 
affinity for cadmium. This is same instantaneous adsorption 
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Of cadmium on chitosan as indicated in Section 5.1. An 
identical approach was adopted to evaluate rate of sorption 
of inorganic mercury on hair (Michelson et .al . , 1975) and of 
cadmium on Giridih bituminous coal and crushed coconut shell 
(Bhattacharya, 1983). 

The values of K* were obtained from the slopes of the 
first order reversible kinetic plots and those of were 
evaluated from equilibrium concentrations using Equation 5.5, 
Subsequently and K 2 were calculated using Equation 5.9. 
These values are presented in Table 5.1, 

Table 5.1 

The Values of Rate Constants (K' ^ K^, K 2 )and 


Initial Cacinium 
Concentration 
mg/1 

; pH i 

f 1 

1 1 

1 1 

t 1 

t 1 

1 -I 

K' 

per 

hour 

r"" — - 

1 

^1 

per 

hour 

K2 

per 

hour 

10,0 

6.5 

0.3386 

1.86 

0.^202 

0.1184 

5.0 

6.5 

0.3872 

9.00 

0.3485 

0.0387 

2.0 

5.0 

0.9163 

6.30 

0,7907 

0.1255 

2.0 

7.0 

1.1760 

11.50 

1.0800 

0,0941 

2.0 

9.0 

2.4645 

39.00 

2.4028 

0.0616 

From the table, it 

can be 

observed that 

rate of 

forward 

reaction { tran s f er 

rate of 

solute 

to the 

sorbent ] 

1 is 


generally higher for lower concentrations of cadmiiom and 
higher pH values. The reverse reaction rate (transfer rate 
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Of solute from sorbent to solution) is faster for higher 
concentrations of cadmium and for lower pH values. This 
implies that utilising maximum capacity of chitosan can give 
better regeneration at lower pH values. 

It can also be observed that as the ratio of chitosan 
to cadmi'jm increases, also increases. Thus, in order to 
obtain higher rate of sorption, it is reqviired to increase 
chitosan concentration or decrease cadmium concentration. 

5,2 Evaluating the Rate Limiting Step in Cadmium Sorption 
Whenever sorption is suggested as a iinit process for 
wastewater treatment, it is essential to have information 
concerning rate determining step in sorption so that appro- 
priate facilities may be furnished accordingly in the full- 
scale plant. Efforts are made to evalxiate the rate limiting 
step. 

There are three consecutive steps in the process of 
adsorption of a solute material from the solution by a porous 
sorbent. These are; 

1, The transport of adsorbate through a surface film to 
the exterior of the adsorbent (film diffusion step), 

2, Adsorption on the exterior surface and diffusion of 
the adsorbate into the pores of the adsorbent (pore 
diffusion step). 

3, Adsorption of the adsorbate into the interior surface 
of the adsorbent (intraparticle transport step ) . 

The first two steps are ]cnown as the transport pheno- 
mena while the third step is known as the attachment pheao- 
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Several methods are \ised to determine the rate limiting 
step. Pore diffusion and film diffusion controlled processes 
differ in their rate laws and are dependent on the particle 
size, solution concentration, temperature and degree of agi- 
tation (Table 5.2). The depoidaice on the variables of the 
experimentally observed data can help to investigate the rate 
controlling mechanism. Studies were conducted on these lines. 

Table 5,2 

Dependence of Transfer Rate on Experimental Conditions 
(Helfferich,. 1962) 


Parameter 

“T 

1 

I Pore Diffusion 

I Control 

t 

1 

— i 

1 

1 Film Diffusion 

{ Control 

1 

- \ - - - - 

1, Sorbate 

No effect 

C’^ 

concen tra ti on 



2. Particle size 

1 

“5 

1 

*ie 


r 

r 


o 

o 

3, Rate of 

No effect 

Increases with 

agitation 


agitation rate 

4, Temperature 

Increases with 

Increases with 


temperature , 4 

tenperature , 3 to 


to 8% per °C 

S% per °C 


♦ Sorbate concentration 
** Radius of the sorbent particle. 


5.2.1 Effect of Sorbate Concentration 

As shown by Weber and Morris (1963), the Icinetic 
experimental data for different initial concentratiais can 
be used to establish the rate limiting step in the sorption 
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process. Weber and Morris (1963) used instead of.t to 

find out. the variation in the amount of sorbate sorbed with 
1/2 

t , Figure 5.10 shows the amount of cadmium sorbed per 
gram of chitosan against t^^^ for 1^ 1.5^ 2 , 5 and 10 rag/1 
initial cadmium concentrations . To some extent plots are 
showing the same general shape, i.e., an initial curved por- 
tion, a linear section followed by a final curved section. 

For such type of plots, it can be considered that the parti- 
cles are being surrounded by a boundary layer film through 
which the cadmium molecules must diffuse prior to external 
adsorption on the sorbent surface, and this particular step 
is responsible for the initial curvature. However for lower 
concentrations of cadmi'um initial portion of the plots is 
showing straight line. The linear portion of the plots is 
governed by pore diffusion mainly in the rate controlling 
step. As the bulk concentration of cadmixm starts decreasing, 
the final porticn of the plots begins to cxurve and attains 
satuiration due to a decrease in the rate of diffusion 
(Alexander / 1978). 

A rate parameter, K, defining the siiope. of the linear 
portion of the plot is determined and the values are presented 
in Table 5,3. 

Although these K values do not have normal dimensions 
of rate, their relative values are very useful under similar 
conditions for rate parameters. Therefore K/C values were 
calculated and are presented in Table 5.3. 
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Table 5.3 

Rate Parameter, K, as a Function of Initial Cadmium 
Concentration 


Initial Cadmium 
Concentration, C 
(mg/1 ) 

Rate Parameter 

K (mg g"^ hr"^/^) 

K/C 

10.0 

6.2 

0.62 

5.0 

4.3 

0.86 

2.0 

3.1 

1. 55 

1.5 

2.55 

1,70 

1.0 

1.8 

1.80 


From the Table 5.3, it can be observed that the rate 
parameter, K, varies with initial cadmium concentration. 

For film diffusion to be rate limiting K/C values should 
remain constant as per Table 5.2. However, there is large 
variation in K/C values. Thus, it seems that film diffusion 
is not the rate limiting step. For higher cadmium concen- 
trations, a large portion of the plots are straight lines, 
thus pore diffusion seems to be predominant in this case. 

5.2.2 Effect of Rate of Agitation 

Figure 5.11 shows the effect of agitation rate 
an the rate of adsorption of cadmium by chitosan. For 
first two hours, the rate of cadmiiom uptake is very much 
increased by increasing the rate of agitation. However, 
final uptake of cadnd-um at both the rates of agitation 
varies slightly; greater uptake of cadmium at higher rate of 
agitation. The increase in cadmixati uptake with rate of 
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agitation indicates the rate limiting step of film diffusion. 

This method seoms to be less reliable because the solu- 
tion may have attained its limiting hydrodynamic efficiency, 
so that an increase in the agitation rate can remain without 
effect on the uptake rate even if the rate limiting step is 
film diffusion. 

5.2.3 Effect of Particle Size 

Figure 5.12 shows the plots of the amoiant of 

cadmium adsorbed per gram of sorbait (adsorption density) 

, 1/2 

against t for four different particle sizes and a constant 
initial cadmium concaitration of 1500 [lgA^ The curves show 
an initial linear portion followed by a ciorved portion. The 
K values have been obtained from the linear portion of the 
curves and are presented in Table 5.4. For pore diffusion 
controlled processes the parameter K should vary reciprocally 
with the second power of the diameter of the sorbent parti- 
cles (Weber and Morris, 1963). According to them, this 
relationship is also applicable for porous sorbents when the 
rate of transport to internal surface areas is controlled 
by the external resistance, i.e. , film transport. 

Table 5.4 shows that rate of sorption increases with 
decrease in the sorbent size. However less difference is 
found in final sorptive capacity as shown in Figure 5.12. 
This may be due to lower initial concentration of cadmium 

(1500 iig/1). 

Figure 5,15 demcaistrates that the sorption- rate of 
cadmium-chi tosan syston varies linearly with the reciprocal 
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Table 5.4 

Rate Parameter, K, as a Function of Particle Size 


Geometric Mean 
Size of Particle 
d (|im) 

37 

144 

256 

328 


Initial Cadmium 
Concentration 
(mg/l) 

1.5 

1.5 

1.5 

1.5 


Rate Parameter, K 
(mg hr"^^^) 
2.8 
2.53 
1,83 
1.3 


of the second power of chitosan geometric mean size (G ) . 

m 

This indicates pore diffusion of the rate limiting step in 
cadmium-chitosan adsorption system. 

S22.‘4 Effect of Tennperatxire 

The temperature depaidonce of cadmium adsorption 
onto chitosan is danonstrated in Figure 5,13. The results 
show an increase in adsorption for an increase in tempera tvire. 
Adsorption, being a mass transfer process, is a strong func- 
tion of temperature. However, the temperature effect on 
adsorption generally are not felt to be significant over the 
range of temperature gaierally faced in water and wastewater 
treatmeit. 

Figure 5.13 shows a percentage increase in rate of 
sorption of 5.8% per °C. As per Table 5.2, pore diffusion 
appears to be rate limiting step. 

To 3<now the nature of sorptiai, the tonperature depen- 
dence of sorption reaction can be obseirved by comparing the 
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activation energies. The increase in the rate of reaction 
with increasing temperature can be described as 


K 


A 


5.11 


where, K = specific rate constant 

A = a temperature-independent factor sometimes called 
the frequency factor, 

E = minimxim activation energy (KJ/mole) that reaction 
system must have for reaction to occur, 

R = gas constant (KJ/mole/“K) , and 
T = temperature (“K). 

With moderate temperature ranges the value of A and E 
may be considered to remain constant. In logarithmic form, 
the equaticai can be writtarx as: 


In K = In A - E/RT 5.12 

indicating that linear relation should occur between InK and 
1/T. The slope of the straight line fitting the plot is 
-E/2.303 R. 

The plot of rate of adsorption as per Equation 5.12 
is presented in Figure 5.14. The activation energy for 
chitosan was calculated to be 37.2 KJ/mole. The activation 
energy is high enough for physico sorption but not signifi- 
cantly high to conclude the reaction as chemisorption. 
Activation energy in the case of ion exchange is generally 
low and lies within 20 Kcal/mole. For chemisorption it 
should be in the range of 40-400 KJ/inole. Consequently the 
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ion exchange— cum-phy si-sorption. The value for Giridih coal- 
cadmium system was found to be 36.6 KJ/mole ( Bhattacharya ^ 
1983) and same nature of sorption was explained by him. 

5.2.5 Summary 

Various experimental investigations were done to 
understand the rate limiting step of chitosan-cadmium adsor- 
ption system. Table 5,5 presents the summary of all the 
results of rate limiting step experiments. 

Table 5.5 

Summairy of the Results of Various Tests Performed 
to Determine the Rate Limiting Step 

■ r : i 

Test { Pore Diffusion jFilm Diffusion 

- « ■ ■ ■ ■ ' - 

1, Sorbate concaitration Slightly significant - 

2. Particle size Significant 

3, Rate of agitation - Significant 

4 . Temperature Significant 


Frcxn Table 5.5 it may be said that cadmium adsorption 
is rate , limited by pore diffusion in the caseoSihitosan- 
cadmium system. For a batch type contact operation^ which 
provides a higher degree of agitation or mixing, pore diffu- 
sion is often the rate limiting step. However, there appears 
to exist a complex combination of operative me<d:ianisms 
rather than the reaction being governed by a single operative 


mechanism. 
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5,3 Sorption Equilibria 

A sorption equilibrium is established when the concent- 
ration of contaminants in bxxLk solution is in dynamic balance 
with that of the interface^ i.e,/ an equal number of mole- 
cules desorb- as adsorb in a given time. 

Saturation curves (sorption isotherms) for cadmium sorp- 
tion on chitosan are presented in Figure 5,16 for different 
particle sizes , 

The observed increase in capacity for the smaller part- 
icle sizes may be because (1) smaller particles more closely 
approach a true equilibrium than do the larger particles# 

(2) a greater portion of the total pore volume is available 
to adsorb molecules in smaller particles. It is not likely 
that such large differences were entirely due to different 
degrees of equilibri\im after 24 hours of contact. Rather# 
there seems to be a true capacity difference for the different 
particle sizes, it is also likely that the activity and 
adsorption capacity of chitosan particle decreases with 
distance from its external surface as a resiiLt of reduced 
accessibility of its inner regions. If the particle size 
preparation process simply grinds away external surface to 
produce small particles, these latter particles may represent 
a more active portion of the original chitosan. These 
effects require further examination. 

5,3,1 sorption isothems 

The linearised sorption isotherms are the most 
convenient and informative way of representing the e>qperi— 
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heterogeneous surface energies in which the energy term in 
the Langmuir equation varies as a function of surface 
coverage, X/M, strictly due to variation in heat of sorption 
(Adamson, 1967). Freundlich equation has been found to be 
more adaptable to sorption data than the theoretically derived 
Langmuir equation. Majority of sorptiai processes do not 
comply with the first assiimption on which the Langmuir equa- 
tion is based, A complete mcffiolayer is not usually formed in 
the sorption of solutes from solution. 

The general form of Freundlich' s isotherm is 

q = X/M = 5.13 

in which , 

q^ = X/M = the equilibrium stirface concentration (weight 
of cadmium sorbed per \init weight of chitosan), 

K ~ a constant which is related to sorption capacity, 

= the equilibrium concentration in solution, and 
1/n = a constant which is related to adsorption intensity. 

The above equation is converted to the following linearized 
form 

log f = log K + i log 

which gives a straight line with a slope of 1/n and an 
intercept equal to the value of logK for = 1 (log = 0), 
Freutxilich equation generally agrees quite well with the 
Langmxiir equation and ejqserimental data over moderate range 
of concentration. Unlike the Langmuir equation, ho\«ever. 
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it does not express X/M as a linear form of C at low concen- 
trations nor does it agree very well at high concentrations y 
since n must reacti some limit when the surface is fully 
covered . 

The sorption data for various sizes of chitosan fitted 
into the logarithmic form of the Preundlich equation is 
presented in Figure 5*17* The values of various constants 
of Preundlich' s isotherm along with the sorptive capacities / 
are presented in Table 5,6 for different sizes of chitosan. 


Table 5*6 

Freuhdlich Parameters for Adsorption of Cadmium cai 
Different Sizes of Chitosan 


Size 

m 

t 

Slope 1/n 

1 

1 

1 

1 

Intercept log K 
mg/g 

n 

1 

; Adsorptive capacity , K 

I mg/g 

t 

1 ^ - - - 

37 

0.7648 

1.7482 

56.0 

144 

0.5873 

1.1238 

13.3 

256 

0.5535 

0.9685 

9.3 

328 

0.5119 

0,8062 

6.4 


The Preundlich* s equations for different sizes of 
chitosan are as follows (Table 5.7). 

It may be noted that the adsorptive capacity is 
important in selecting and specifying a suitable sorbent 
system. More the sorptive capacity of a sorbent/ better 
the combination since service time of sorption column will 
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Table 5.7 

FrexHxilich' s Equations for Different Sizes of Chitosan 


— " 1 

Size i 
\im i 

t 



Frexindlich Eq\aation 


37 

56.0 

5,14 

144 

13.3 C°- 5873 

5.15 

256 

9.3 C°-5535 

5,16 

328 

j,0.5H9 

5,17 


be more. Prom the data obtained it can be observed that 
smaller particle size chitosan (37 p.in) is much superior to 
all other particle sizes, Bhattacharya (1983), in case of 
Giridih coal and crushed coconut shell for removal of cadmium, 
found K values as 3.321 and 2,123 and l/n values as 0.475 
and 0,497 respectively. 

The isotherm data can be used to calculate the \iLtiraate 
sorption capacity of chitosan by substituting the equilibrium 
concentration in Freundlicdi equation. For 328 jim particle 
size 6.4 mg/g cadmium can be adsorbed whan equilibrium 
concentration is 1 mg/1, it means one gram of chitosan can 
treat 1.48 litres of water whan initial cadmium concentration 
is 5 mg/l, Visuialising high sorptive capacity of chitosan, 
it is certainly economical to go in for this natural polymer^ 
•Since chitosan is N-deacetylated product of chi tin which is 
a waste product from fish industries. This can also solve 
the disposal problem of waste products of fish industries. 
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Within the indicated range of cadmixim levels, n 1 
implies that the rate of cadmium uptake increases with 
increase in cadmium concentration, indicating intensive 
accximulation . 

5,4 Effect of Chloride, Ionic Strength, Zinc and EDTA on 
Cadmium Sorption 

5-4.1 Effect of Chloride Concentration 

Effect of chloride on cadmium sorption was inves- 
tigated using a wide range of chloride concentration. This 
is significant as cadmium forms various chi oro-compl exes 
depending upon and chloride concentration. Figure 5.18 
shows the effect of chloride concentration on cadmium adsorp- 
tion by chitosan. It can be observed that cadmixam ad- 
sorption was not affected evai by a chloride concentration 
of 1000 mg/1 (as Cl”) showing only a slight decrease in 
adsorption in comparison to non-chloride pure system. Reduc- 
tion in cadmium adsorption was 10.7% when chloride concent- 
ration was raised from zero to 1500 mg/1, we may consider 
the reaction in the presence of chloride. 

1. The NH^ group in chitosan acts as a 

weak base and a proton is added in aqueous solutions, 

creating a group. Since the pH of the initial 

cadmium solution was 6,5, majority of the amino sites 

were protonated at this pH. The protonation occurs 

very rapidly and accounts for the behaviour of chitosan 

as a cationic poly electrolyte in aqueous solutions. 

-f ''24-' 

2. The positive charge of the NH^ site prevents Gd 
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enters readily, probably forming NhJ - Cl groups. ibe 
salt formaticM:\ neutralizes the charge on the armnonia 
groups and the cadmium ions are now able to enter the 
chitosan. 

3, The cadmium ion is attracted to the electron pair 

associated with the nitrogen, forming a strong covalent 
bond and preventing the unprotonated amino groups from 
being protcnated. The chloride group will then bcaid 
ionically to the cadmium-amino complex in order to 
neutralise the positive charge Introduced by the cadmium 
ion. 

The rate at which cadmium can enter chitosan is thus 

determined by the rate at which chloride enters the polymer 

and this is in turn is governed by the equilibrium between the 

protonated amino group and the chloride ion. Same hypothesis 

was presented by Averbach (1982) for the interaction of 

anions and cations with chitosan in case of copper sulfate. 

At higher chloride concentrations (above lo”^ M), there 

2 + 

is a reduction in Cd species due to formation of soluble 

Chloro complexes like CdCl’*’, CdCl 2 and CdCl^ (Figure 2,2). 

Ihe observed decrease in sorption indicates that these 

species have lesser affinity for sorbents* 

5,4,2 Effect of Ionic Strength 

Figure 5.19 shews the influence of ionic 

strength c*i the adsorption of cadmium onto chitosan . Data 

were obtained for five different molar concentrations of 

—5 -l'^' 

background electrolyte, ranging fron 10 to 10 M, The 
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results indicate that when ionic strength was increased from 
-5-2 

10 to 10 adsorption capacity decreased only by 2.17%. 

A sudden decrease in adsorption capacity was observed when 
ionic strength was changed from lO” to M. A decrease 

of 22% in the cadmium uptake capacity was observed in this 
case. 


That the extent of adsorption is saisitive to changes 
in concentration of supporting electrolyte indicates that 
electrostatic attraction may be a significant component of 
the overall adsorption in this system. The electrostatic 


free energy, ^elect' contributes to the total free energy 
of adsorption, ^ads' depends on the ionic strength of 
solution. This term is given as (Huang and Smith, 1981): 


°eleot = ^ d 

where , 

z = the ionic charge, 

F = the Faraday constant, and 

s= the potential in the plane of the adsorbing ion. 
When the ionic strength is increased, the electrical double 
layer around the adsorbate cadmium ion is compressed, vdiich 
leads to a decrease in the electrostatic potential, 

The result is a reductiai in the coulcambic free energy, 
and consequently a decrease in cadmium adsorption, 

5.4.3 Effect of Co-ion Concentration (Zn ) 

Figure 5.20 shows the effect of zinc concent- 
ration on cadmixam uptake by chitosan , An increase in Co-ion 
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loading on chitosan. This behaviour can be interpreted as 
the result of. the more effective competition of the zinc 
ions. The zinc ion uptake by chitosan in the presence of 
cadmium seotis to be high. Zinc complexation by Chitosan has 
been documented in the literature (Muzzarelli et.al . . 1970). 
5,4.4 Effect of Chelating Agent (EDTA) 

The effect of chelating agent such as EDTA. on 
the cadmium adsorption capacity of chitosan is shown in 
Figure 5.21. EDTA has significant effect on cadmivan adsorp- 
tion. Cadmium adsorption decreased to zero when EDTA concen- 

-4 -1 

tratioi was changed from 10 to 10 M. At EDTA concentra- 

— 2 

tion of 2.5 X 10 M> cadmium adsorption did not take place* 
This may be due to greater affinity of EDTA to chitosan than 
cadmium, 

5.5 Desorption and Regeneration 

Regeneration of the exhausted chitosan is essential if 
the, chitosan adsorption is to be -aaite more econanically 
feasible in practice. To gain some idea in the . reversibility 
of the adsoirption reaction and possibilities for regeneration, 
desorption experiments were conducted. 

Following a two-hour adsorption period, cadmium-laden 
chitosan was separated from solution and put into another 
solution of distilled water at the same pH and temperature. 
Figure 5.22 shows the amoxant of cadmium released back into 
solution by the chitosan after two hours of reaction. 

The obvious trend in the data is that the percentage 
desorbed increases with decreasing pH, This is expected. 
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cadmium decreases with decreasing pH, About 85% desorption 
occurs at 3. However, percent desorption values at low 
pH cannot be regarded as meaningful due to the very small 
extent of adsorption there. 

One clear indication from the desorption data of chito- 
san is that regeneration may be accomplished by treating the 
chitosan with strong acid. The addition of small amounts of 
acid woxild strip the cadmiixm from the svirface of the carbon, 
arid hopefully retain the metal in a form that is concentrated 
enough for useful recovery. 

No desorption of cadmim took place at pH 10, indica- 
ting the ineffectiveness of alkalies in regenerating chitosan. 

5.5.1 Batch Desorption Studies 

Desorption kinetic studies of cadmium were con- 
ducted in redistilled water and also in 0,01 N HCl. The 
results are presented in Figure 5.23. About 5,5% desorption 
of cadmium took place in redistilled water, whereas, 88% 
desorption was observed in 0.01 N H31. The rate of desorption 
was found to be similar to that of adsorption, in the sense 
that the maximum level of cadmium desorbed v/as attained in 
1 hour for both distilled water and 0,01 N HCl. 

Low desorption of cadmium from loaded chitosan in 
redistilled water conceivably represents the fraction 
rather loosely bound to the chitosan. This further indi- 
cates that the ma jor portion of the sorbed cadmixim is 
possibly boxuid to the chitosan through— stronger interaction 
involving the surface functional groups of the chitosan^ 
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Desorption in redistilled water was done at pH 6.5 v^ich is 
below pHjjpc* sorbent and sorbate are posi- 

tively charged. Ihis gives an indication of ion exchange 
sorption. Desorption by 0.01 N HCl further confirms this. 

The small portion of sorbed cadmium not recoverable by 
regeneration indicates that cadmivim which is bound through 
even stronger interactions. 

Desorption was also conducted in 0.1 M edta and positive 
result was obtained. 0.1 M ED'm desorbed 95% of cadmium 
loaded on chitosan. 

Cycles of regeneration and loading of the cadmium- 
chitosan system was Investigated for their practical utili- 
saticMi, Table 5,8 gives the material balance calculations 
for regeneraticxi e3<periments using 0.01 N HCl. 


Table 5.8 

Material Balance Calculations for Regeneration of 
Chitosan with 0.01 N HCl 


Number of Cycles 

"T 

; 1 

"'"-"T"' 

2 ; 

- — t- 

3 

5\mount of cadmium on chitosan from 
previous cycle (mg/g) 

0 0 

252 

260 

Amount of cadmium adsorbed by 
chitosan in loading cycle (mg/g) 

2966 

2178 

1263 

Total amount of cadmium going into 
recovery cycle (mg/g) 

2966 

2430 

1523 

Amount of cadrvium recovered in 
recovery cycle (mg/g) 

2714 

2170 

1237 

Amount of cadmixjm remaining on 
chitosan (rag/g) 

252 

260 

286 

Percentage recovery of cadmixim 

91.5 

89.3 

81.2 
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Cadmium recovery in the first regeneration cycle vrats 
91.5%/ but it was observed that, cadmium loading decreased 
suddenly JLn the next two cycles. Inspite of good percentage 
recovery in all the three cycles# adsorption of cadmium went 
on decreasing. It was observed that there was some reduction 
in weight of chitosan after desorption in 0.01 N HCl^ indica- 
ting that chitosan dissolves to some extent in HCl. The 
reduced amount of chitosan may be the cause of less adsorp- 
tion in next two cycles, since chitosan does not dissolve 
in sulfuric acid^ experiments are needed to be done for 
desorption stxidies in sulfxiric acid. In this study sulfuric 
acid was not tried for this purpose. 

Muzzarelli and Rocchetti (1974) fo\and partial removal 
of mercury from chitosan after the first cycle by sulfiaric 
acid, whereas., 1 5 mi of 10 nM potassium iodide solution removed 
100% mercury from a 6 x 1 cm colxjmn containing 1 g of chitosan 
for more than 10 cycles. He also found potassium cynide 
solution suitable for the removal of mercury from chitosan. 

In the case of cadmium-chitosan system also# searcdi 
of another efficient regenerant is required# however# no 
further study was taken in this regard in the present work. 

5.6 Column Studies 

In a column type continuous flow operation the rate of 
adsorption depends upon the concentration of the solute in 
the sorbate. In this operation the sorbent is continuously 
in contact with a fresh sorbate and conseque:itly the concen- 
tration in the solution in contact with given layer of the 
sorbent in the coltimn is relatively ccxistant. 
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Adsorption isotherms camot possibly furnish accurate 
scale-up information since: 

(1) Adsorption in a flow column is not at equilibrixim, 

(2) The sorbent woiold not became totally exhausted in a 
commercial process before regeneration. 

(3) Uneven flow patterns throughout the column would result 
in incomplete exiiaxistion of the bed. 

Ccxisequently , it is necessary to carry out flow test 

using column prior to obtaining design .models. An initial 

cadmium concentration of 5 mg/l was used in tap water system. 

The performance of chitosan column is presented in Figure 

3 2 

5.24, A flow rate of 3 M- /M /day was maintained atanually. 
The effluent cadmium concentration was found zero just in 
one hoxir. Some leakage of cadmium was found before that. 
After 25 hours effluent started giving cadmiiom concentration 
but at very low values. Effluent cadmium concentration of 
1 mg/L was found after 77 hours. Thus, 23.1 litres of 
cadmium spiked tap water was treated by the column having 
16.5 g of chitosan. To prevent any precipitation due to 
cadmium carbonate formation, pH of influent was reduced to 
6,9 with 0,1 N HCl in this study. Tap water treated per 
gram of chitosan is 1,4 1/g which is in fair agreement with 
sorption isotherm data of 1,48 1/g with 328 ^m size. However, 
size used for coluiran study was 378 pm, thus showing an impro- 
vement in adsorption capacity in the case of column study. 

In sorption isotherm equilibrium concentration in effluent 
is fixed, vhile in the case of column study it varies from 



lium Conce 



Fig.5-24 Performance of Chitosan Column for Cadmium Tap wa 
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zero to 1 mg/1 (mostly zero). This also indicates improve- 
ment in adsorption by using ccxitinuous flow process. 

It is apparent from Figure 5.23 that time taken to 
reach the effluent concentration to acceptable limit is veiry 
less (half an hour) thus showing the applicability of the 
system. Other competitive ions in the tap water did not 
influence the cadmium adsorption capacity of chitosan. This 
is very much helpful in treating cadmium polluted water 
and wastewater by chitosan. 

Dimensions of the colimns also affect optimum results, 
Muzzarelli and Rocchetti (197.4) have reported that coluimi 
containing 7.5 times more chitosan purified thirteen times 
more water. Thus, not only the amount of chitosan but also 
the dimensions of the columns must be taken into account for 
optimum results. 



6. CONCLUSIOSIS 


Based on the findings of the present investigation*, 
the following conclusions may be drawn: 

(1) Cadmium'Ws^ be adsorbed appreciably from industrial 
effluents, mine waters or other water supply using 
chitosan, a natural polymer, 

(2) Ihe kinetics of adsorption were very favourable indi- 
cating maximvim adsorption level reaching within first 
hour of contact of chi tosan with cadmium soluticxi. 

(3) The pH of the system can affect cadmium adsorption to 
some extent. Cadmium uptake by chi tosan increases 
linearly from 4 to pH 9, after which it shows a 
decreasing trend. At pH 3 adsorption was only 18%. 

(4) Chitosan to cadmium ratio (Ch/Cd) has an effect on 
the rate of adsorption and equilibrium adsorption 
capacity. Increasing Gh/Cd increases the equilibrium 
cadmium adsorption capacity and the initial removal 
rate. However, the time to attain equilibrium remained 
same. Increased cadmium concentration needed lowered 
Ch/Cd ratio for effective raBOval. 

(5) Significant adsorption was observed at pH and 
below this implying that specific cheiaical interaction 
plays a substantial role in cadmium uptake by chitosan. 

(6) Sorption kinetic data can be described as first order 
reversible reaction. 
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(13) Downflow coltunn study indicated the practical appli- 
cability of chitosan for removal of cadmitim. The 
column was found effective in re:noving cadmium from 

an initial concentraticn of 5 mg/1 to zero value at a 

3 2 

flow rate of 3 M /M /tir» 



7, SUGGESTIONS FOR FUTURE WORK 

The present investigation reveals that chitosan is an 
effective adsorbent for cadmium removal. Further work* based 
on this investigation may be carried out on the following 
guidelines: 

(1) It may be feasible to develop a relative affinity series 
of metals because such series would help in selecting 
usefiilness of chitosan where there may be competition of 
various metals for binding sites on chitosan. 

(2) Further studies may be conducted using actual cadmium 
polluted wastewater to evaluate the actual design para- 
meters, 

(3) Extensive column operations may be carried out for 
cadmium and other heavy metals sorption by 

a. Changing the dimensions of the column 

b. Using various sizes of chitosan 

c. Changing the direction of flow 

d. Changing flow rates of the influent containing 
cadmium. 

(4) Search of an efficient regenerant for cadmium-chi tosan 
system is required. 

Other derivatives of chi tin and chitosan such as 
chitin phosphate, chitosan phosphate, chitosan sulfate 
etc, may be tried for metal uptake ability. 


( 5 ) 



8. ENGINEERING SIGWIFICANCE 

The results of the laboratory investigation on removal 
of cadmium by chitosan presented and discussed here have indi- 
cated the potential usefulness of chitosan in removing cadmium 
from water . Due to its high cadmium adsorption capacity 
chitosan may be employed for cadmium control in s\arface and 
ground water as well as for removal of cadmium from cadmiiom- 
laden wastewater. 

The reported upper limits of cadmium in surface and 
ground water are about 300 and 100 p-g/1/ respectively whereas 
the recommended upper limit of cadmium in drinking water is 
10 Pg/l. A cadmixom containing ground water supply may be . 
effectively treated using a chitosan adsorption column.. For 
a surface water supply where a municipal water treatment plant 
exists^ powdered chitosan may be employed as a coagulant aid 
with alum. Alternatively, for both ground as well as surface 
water powdered chitosan may be used as a coagulant in small- 
scale household water purification. It may be noted heire that 
usefulness of chitosan as coagulant for water clarification 
has been recently demonstrated by vaidya and Bulusu (1984). 

For cadmium-laden wastewater, chitosan may also be eff- 
ectively employed for cadmixm removal. Both the modes of 
application, e.g., adsorption column as well as an additive 
with conventional coagulants like aluminium or iron salts 
seem feasible. The mode of application will be governed by 
the characteristics of the wastewater under consideration. 
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